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SUMMARY 
This t h e s i s  has been concerned with the  mass spectrometric in-  
ves t igat ion of the  synthesis and molecular energetics of nitrogen-oxygen- 
f luor ine  compounds. In  t he  l a s t  ten  or  f i f t e e n  years a great  amount of 
i n t e r e s t  has been generated i n  t h e  f i e l d  of N-0-F compounds due t o  t h e i r  
poss ible  use a s  high energy oxidizers.  There a r e  f i v e  previously known 
N-0-F compounds: n i t r o sy l  f luor ide  (ONF) , n i t r y l  f luor ide  ( N O ~ F ) ,  f luo- 
r i n e  n i t r a t e  (NO F), nitrosodifluoramine (ONNF ), and tr if luoramine oxide 
3 2 
(oNF~) .  However, the  l i t e r a t u r e  contains mass spectrometric data on only 
one of these,  ONF The main objectives of t h i s  t he s i s  were t o  prepare 
3 ' 
and i den t i fy  t he  f i v e  known N-0-F compounds using t he  mass spectrometer, 
t o  attempt t o  prepare new N-0-F compounds, and t o  calcula te  heats  of 
formation of N-0-F species from appearance po ten t ia l  data. 
The five known N-0-F compounds were prepared according to methods 
published i n  t h e  l i t e r a t u r e .  Nitrosyl f luor ide ,  n i t r y l  f luor ide  and 
f luor ine  n i t r a t e  were prepared by reacting f luor ine  gas with n i t r i c  oxide 
(NO),  sodium n i t r i t e  ( N ~ N O  ), and potassium n i t r a t e  (KNO ), respectively.  2 3 
Nitrosodifluoramine, an unstable purple substance, was prepared by pass- 
ing a mixture of n i t r i c  oxide and tetrafluorohydrazine ( N ~ F ~ )  through a 
g lass  cap i l l a ry  a t  310'~ followed by a f a s t  quench a t  -196'~. m i f l u o r -  
amine oxide was most readi ly  prepared by an e l ec t r i c  discharge of n i t r o -  
gen t r i f l u o r i d e  (NF ) with oxygen difluoride (OF ) a t  -183 or  -196'~. 
3 2 
The search fo r  new N-0-F compounds was centered around t h e  use 
of dioxygen dif luor ide  ( 0  F ) as  a po ten t ia l  source of OF o r  0 F rad ica l s  
2 2 2 
and tetrafluorohydrazine a s  a source of NF radicals .  The reactions of 
2 
02F2 with NO, NO2, N2F4, and NH3 produced no evidence f o r  any new N-0-F 
compounds. The addition of NO o r  NO t o  02F2 a t  -183'~ produced both 
2 
ONF and N02F plus  some s ide  products. The addit ion of N2F4 t o  02F2 a t  
-183 t o  -155'~ produced no reaction,  but an e l e c t r i c  discharge of t h i s  mix- 
t u r e  a t  -155'~ produced NF3, F2, N2, and 02. The addition of d i lu ted  
NH t o  02F2 a t  -196'~ produced a rapid  reaction (with occassional f l ashes )  
3 
t o  give NO2, HF and S F 4 .  
The reactions of N F with NO2, 02, 03, and NO were studied. !The 
2 4 
room t e m p r a t w e  addition of NO2 t o  N2F4 caused decomposition t o  NF3 
and other s t ab l e  products. However, the  pyrolysis  of N2F4 a t  310'~ and 
t h e  subsequent addition of NO2 with a f a s t  quench a t  -196'~ resu l ted  i n  
t he  formation of a previously unidentif ied compound, nitrodifluoramine 
(o2IYNF2). This compound i s  a white so l i d  a t  -196'~ and decomposes slowly 
0 
t o  N2Fq and NOp even a t  -130 C .  The pyrolysis  of N2F4 and O2 a t  3 1 0 ~ ~  
produced no reaction.  The pyrolysis  of N F with subsequent quenching 
2 4 
onto a t h in  f i lm of 0 a t  -196'~ produced a vigorous react ion (once 3 
a violent  explosion) t o  form a l l  t he  known N-0-F compounds, but  no evi- 
dence was obtained f o r  any new compound. The trapping a t  -196'~ of a 
room temperature mixture of N2F4 and NO produced small amounts of red- 
brown and purple sol ids .  The purple substance was i den t i f i ed  a s  ONNF 
2' 
However, t h e  red-brown substance decomposed between -183 and - 1 6 8 ~ ~  
before it could exert  a  suf f ic ien t ly  high vapor pressure t o  be detected 
i n  t he  mass spectrometer. Since the  red-brown substance resu l ted  from 
t h e  revers ib le  reaction of NO with e i t he r  N F or NF2, then the  only 2 4 
l i k e l y  p o s s i b i l i t i e s  were F NONNF and ( O N N F ~ ) ~  On the  bas i s  of the  2 2 
discussion of the  e lect ronic  s t ructures  of these  molecules, the  red- 
brown substance was a t t r i bu t ed  t o  F2NONNF2. 
The pos i t ive  and approximate negative ion mass spectra were ob- 
t a ined  fo r  a l l  s i x  N-0-F compounds. These spectra were a l l  uniquely 
d i f fe ren t .  Although t h e  parent molecular ions were usually absent and 
most pos i t ive  ions containing F were usually of low in tens i ty ,  t h e  iden- 
t i f i c a t i o n  of each compound was straightforward. The cryogenic i n l e t  
system of t h e  mass spectrometer was essen t ia l  i n  analyzing t he  unstable 
compounds ONKF2 and 02NNF2. 
The temperatures a t  which the  vapor pressures of O W 2  and 
02NNF2 a re  one t o r r  were estimated t o  be -141 2 2 ' ~  and -123 2 ~ O C  by 
comparison with t h e  known vapor pressures of  0.1-0.2 t o r r  f o r  ONF3, N02F, 
N03F, and O W .  
The appearance po ten t ia l s  were measured f o r  most of t h e  pos i t ive  
ions of t h e  s i x  N-0-F compounds. These were compared t o  t h e  appearance 
po t en t i a l s  of t h e  a t t r i bu t ed  ion-source processes calculated from the 
best  l i t e r a t u r e  values of heats  of formation, ionizat ion po t en t i a l s  ana 
e lect ron a f f i n i t i e s .  The experimental appearance po ten t ia l s  were of 
varying qual i ty .  In general,  t he  high i n t ens i t y  ions resu l ted  i n  good 
o r  excellent  appearance potent ia ls ,  whereas the  low in t ens i t y  ions gave 
poor o r  f a i r  data. The molecular energetics of the  N-0-F compounds were 
derived from those appearance po ten t ia l s  ra ted  a s  e i t h e r  good o r  excellent .  
The heat of formation of OW was derived t o  be -0.90 - + 0.10 eV 
(compared t o  t he  l i t e r a t u r e  value of -0.68 ev) from the  A ( N O + ) ~ ~ ~ ~ ~ ,  of 
8.33 eV which was a t t r i bu t ed  t o  t h e  process 
The heat of formation of N02F was derived t o  be -1.46 2 0.12 eV (compared 
t o  t h e  l i t e r a t u r e  value of -1.12 e ~ )  from A ( N O ~ + )  exptl, of 13.49 eV, 
which was a t t r i bu t ed  t o  
The heat of formation of OF was derived t o  be +1.40 0.10 eV (compared 
+ t o  the  l i t e r a t u r e  values of +1.26 e ~ )  from A(N0 ) 2 expt l .  of 12.62 eV 
which was a t t r i bu t ed  t o  
The heat  of formation of ONNFp was derived t o  be +0.49 + 0.13 eV (com- 
pared t o  t he  l i t e r a t u r e  value of +0.82 e ~ )  from A(NO+) of 10.08 
exptl .  
and A ( J J F ~ + ) ~ ~ ~ ~ .  of 12.81 eV which were a t t r i bu t ed  t o  t h e  following 
respective processes 
and 
m e  heat  of formation of the  new compound 02NNF was derived t o  be 0.00 + 
2 - 
+ 
0 . 1  eV from A ( N O ~  )exptl. of 11.71 eV which was a t t r i bu t ed  t o  
The ionizat ion po ten t ia l  of NO F was d i r ec t l y  measured t o  be 13.15 + 
2 - 
0.12 eV. The lower l i m i t s  of t h e  ionizat ion po ten t ia l s  of ONF, NO F, 
3 
ONNF2, and 02~NNF2 were estimated t o  be 11.78, 12.62, 10.08, and 11.71 eV, 
respectively.  The appearance po ten t ia l  of OW + f o r  the  process 2 
was measured t o  be 14.15 eV. Combining t h i s  with Dibeler and Walker's 
70 photoionization value of 13.59 eV l e d  t o  Ivert - . 'adaib. (om2) = 0.56 
eV. This r e l a t i ve ly  high value i s  not surprising since ONF~+ i s  planar 
whereas ONF i s  nearly te t rahedral .  The electron a f f i n i t y  of ONF was 3 
estimated t o  be 2.69 eV from ~ ( 0 ' )  from NOgF of 14.06 2 0.28 eV 
exptl.. 
which was a t t r ibu ted  t o  the  process 
An extensive l i s t  of the  bond dissociat ion energies a t  298'~ i n  N-0-F 
species was tabulated. These values were calculated from the  quant i t ies  
derived i n  t h i s  thes i s  and other thermodynamic values from t h e  l i t e r a t u r e .  
On the  ba s i s  of evidence found i n  t h i s  t he s i s  pure 0 F i s  a 
2 2 
yellow s o l i d  a t  low temperatures ra ther  than an orange or yellow-orange 
so l i d  a s  previously thought. 
The Linnett  Double Quartet Model was used t o  construct s t ab le  
e lect ronic  configurations fo r  t h e  known species ONF, N02F, NO F, O m  
3 2' 
ONF3, 02NNF2, t he  ONF2 radical ,  and t h e  ONF- and om2+ ions. The lbuble 
Quartet Model was a lso  used t o  propose t h e  most l i k e l y  s t ructures  of a 
wide va r i e ty  of postulated N-0-F species and t o  draw approximate con- 
clusions regarding t h e i r  l i k e l y  existance. The compounds F2NONNF2, 
F02N0, FONO, ONjWNFIVO, and F .N(oF), (n  = 1,2,3) were shown t o  have mar- 
3-n 
gina l  s t a b i l i t i e s ,  which suggests t he  possible i so l a t i on  of these  species 
in the future. The compounds (ONNF ) FO02N0, 02NF2, F2NONF F NO NF 
2 2' 2' 2 2 2 '  
and F .N(O~F) ,  (n  = 1,2,3) were shown to be unlikely. It was impossible 
3-n 
to construct any plausible covalent structures for NF and F NNF 
5 3 3' 
CHAPTER I 
INTRODUCTION 
Brief History and 0b.i ec t ives  
In  t h e  l a s t  t en  t o  f i f t e e n  years a tremendous e f f o r t  has been 
put  f o r t h  by government agencies, p r iva te  companies, and un ivers i t i es  
f o r  t he  development of high performance rocket propellants.  Today, 
even though research funds are  more d i f f i c u l t  t o  acquire, i n t e r e s t  i s  
s t i l l  a t  a very high leve l .  Any break-throughs i n  t he  area of pro- 
pe l lan t s  would give a vigorous boost t o  t h e  present Apollo program, t he  
Mars landing experiments of t h e  1970's and especia l ly  t o  fu ture  i n t e r -  
planetary t r ave l .  
Extensive treatments of the  theory of  propellant  energetics 
1-5 
and types of propulsion systems can be found elsewhere . In  general,  
t h e  performance of a propellant  i s  ra ted  by i t s  spec i f i c  impulse, I 
SP' 
which i s  defined a s  follows: 
- th rus t  produced 
Isp - mass e jected per  second 
If several  approximations a r e  made, it can be shown t h a t  
where T i s  the  flame temperature i n  t he  combustion chamber, M i s  t h e  mean 
molecular weight of the  exhaust gases, and c i s  a constant. Thus, it 
can be seen from Eq. 2 t h a t  an i dea l  propellant ,  e i t he r  f i e 1  p lus  
oxidizer or  monopropellant alone, would undergo a highly exothermic re-  
action t o  give low molecular weight products. 
There are  many d i f fe ren t  propulsion systems i n  use today and 
5 
postulated f o r  the f'uture . Among these a r e  conventional chemical 
systems, nuclear and thermonuclear rockets, ion rockets, f r e e  rad ica l  
devices, plasmajets, electromagnetic plasma accelerators,  and even 
"solar  sa i lboats ."  Of these, the  conventional chemical propellants have 
t h e  lowest spec i f i c  impulse (300-400 sec),  but they are of great  import- 
ance since they a re  the  only system which produces t h ru s t s  high enough 
t o  propel a space vehicle out of t he  Ear th 's  g rav i ta t iona l  pu l l .  
Several nitrogen-oxygen-fluorine compounds have been known f o r  
almost hal f  a century. This knowledge, however, was ra ther  l imi ted and 
only of academic i n t e r e s t  u n t i l  the  po ten t ia l  of such compounds a s  
637 propel lants  was r e c o g n i z e d i n t h e  1950's . Since then verythorough 
s tudies  have been made i n  t h i s  f i e l d  since thermodynamics p red ic t s  4,8 
t h a t  the  search f o r  new and irrrproved oxidizers should be di rected toward 
t h e  development of new compounds consist ing of nitrogen, oxygen, and 
f luor ine  atoms. Oxygen and f luor ine  would form very strong bonds with 
low molecular weight fue l s ,  while nitrogen would serve a s  a c a r r i e r  atom. 
This t h e s i s  i s  mainly concerned with t he  synthesis and mass spec- 
trometric study of nitrogen-oxygen-fluorine compounds. The ul t imate  
goal i s  the  synthesis of new N-0-F compounds, some of which may be used 
a s  high energy oxidizers.  Dioxygen dif luor ide  ( 0  F ) and te t ra f luoro-  
2 2 
hydazine (]IT F ) w i l l  be used as reagents i n  searching f o r  new N-0-F com- 
2 4 
pounds i n  a majori ty of t h e  experiments. 
The search f o r  and i den t i f i c a t i on  of new N-0-F compounds i n  the  
mass spectrometer assumes t h a t  t h e  known compounds can be read i ly  iden t i -  
f i ed .  There a re  f i v e  N-O-F compounds reported i n  t he  l i t e r a t u r e :  
n i t r o sy l  f luor ide  (ONF) , n i t r y l  f luor ide  ( N O ~ F ) ,  f luor ine  n i t r a t e  ( N O ~ F ) ,  
nitrosodifluoramine (ONNF~),  and tr if luoramine oxide ( 0 ~ ~ ) .  Mass spec- 
trometric data on these  compounds a re  v i r t u a l l y  nonexistent, except f o r  
OI!F3, as  w i l l  be seen i n  the  next section. Thus, a secondary, but essent- 
i a l ,  goal of t h i s  t he s i s  i s  t h e  preparation of t h e  f i v e  known N-O-F com- 
pounds and t h e i r  characterization i n  t he  mass spectrometer. 
Heats of formation of t he  N-O-F compounds w i l l  be determined from 
appearance po t en t i a l  data. These w i l l  be compared t o  l i t e r a t u r e  values 
whenever possible.  Also, the  e lectronic  s t ructures  of t he  known and 
postula ted N-O-F species w i l l  be discussed using Linnett ' s Double 
Quartet Model. 
Known N-O-F Compounds 
N i t r o s ~ l  Fluoride ( ONF) 
8-11 
Extensive reviews on n i t r o sy l  f luor ide  have appeared elsewhere . 
This compound was discovered i n  1905 by Ruff and ~tauber'' who passed 
n i t r o sy l  chloride through a platinum tube containing s i l v e r  f luor ide  a t  
200-225'~. m f f  l a t e r  discovered13 t h a t  ONF can be conveniently formed 
by the  highly exothermic gas phase react ion of n i t r i c  oxide and f luor ine  
according t o  
A de ta i l ed  description of t h e  numerous preparations of OW can be found 
i n  t he  above reviews. However, a few of t h e  more important methods are: 
1) the  react ion of n i t rous  oxide and f luor ine  a t  7 0 0 ~ ~  
2)  the  reaction of nitrogen t r i f l u o r i d e  and n i t r i c  oxide a t  600'~ and 
atmospheric pressure 
3) t he  react ion of tetrafluorohydrazine with n i t r a t e s ,  such as  
and 4 )  t he  react ion of some read i ly  accessible n i t r o sy l  s a l t s  with 
a lka l i  f luor ides  a t  200-300'~ according t o  
where X- i s  ( B F ~ ) - ,  (s~FG)~, or  ( S ~ O ~ ) ~ - .  
Nitrosyl f luor ide  i s  color less  i n  the  sol id ,  l iquid ,  and gaseous 
s t a t e s .  It i s  a strong oxidizing agent, but it i s  d i s t i n c t l y  l e s s  re -  
ac t ive  than elemental f luor ine  . It read i ly  a t tacks  quartz and glass,  
even a t  -196Oc, t o  form dinitronium hexafluorosil icate,  ( N O ~ ) ~ S ~ F ~ ,  a 
white flaky material  which dissocia tes  a t  room temperature. It at tacks  
metals i n  varying degrees, but can be eas i ly  handled i n  passivated copper 
o r  n ickel  systems. It i s  thermally s tab le  up t o  a t  l e a s t  300'~ i n  pre- 
14  
f luor inated metal vessels  . 
The s t ruc ture  of ONF has been determined from i t s  ir 15-19 and 
microwave 16'20'21 speetra. Accordingly, it i s  a bent unsymmetric molecule 
with N the  cen t ra l  atom. The s t ruc tu r a l  parameters were i n i t i a l l y  cal -  
culated a s  an O-N-F bond angle of 110' and F-N and O-N bond distances of 
0 20 
1.52 and 1.13 A, respect ively  . These values were recen t ly  ref ined t o  
0 0 21 
be 1 1 0 ~ 5 '  + l o ' ,  1.512 + - 0.005 A, and 1.136 - + 0.003 A, respect ively  . 
The only determination of t he  heat  of formation of n i t r o sy l  f luo-  
2 2 
r i d e  employed a steady flow calorimeter t o  measure t h e  heat  of react ion 
f o r  
From the  measured value of -74.8 kcal./mole f o r  the  heat of react ion of 
0 
Eq. 8, AHf 298 of ONF was calcula ted t o  be -15.8 kcal./mole. Thermo- 
Qmamic functions of t h e  i dea l  gas have been calculated between 2 7 3 . 1 6 ~ ~  
2 3 and 1 5 0 0 ~ ~  using t he  r i g i d  ro ta to r ,  harmonic o s c i l l a t o r  approximation . 
Nielsen and coworkers24 claimed t o  have observed ONF i n  a time- 
o f - f l i gh t  mass spectrometer, however, they did not present i t s  ident i fy-  
ing fragmentation pat tern .  
Some proper t ies  of n i t r o sy l  f luor ide  a r e  l i s t e d  i n  Table 3. 
Ni t ryl  Fluoride (NO,F) 
Ni t ryl  f luor ide  has been well reviewed8-''. It was f i r s t  pre- 
pared and characterized i n  1929 by ~ u f f ~ ~  by t he  highly exothermic gas 
phase reaction of f luor ine  and nitrogen dioxide according t o  
A pa r t i cu l a r l y  convenient method of preparation produces almost quanti- 
t a t i v e  y ie lds  of n i t r y l  f luor ide  from t h e  react ion of sodium n i t r i t e  and 
f l u o r i n e  a t  room temperature, 26 
Other important methods include: 1 )  t h e  oxidation of ni trogen dioxide 
with cobolt t r i f l u o r i d e ,  27 
and 2)  t h e  reac t ion  of N 0 with sodium f luor ide ,  
28 
2 3 
NaF + N 0 -N02F + NaN03 
2 3 (12) 
Ni t ry l  f luor ide ,  a co lo r less  compound, i s  extremely reac t ive  and 
can function a s  a f luor ina t ing ,  oxidizing, o r  n i t r a t i n g  agent. On con- 
t a c t  with most substances it i s  even more reac t ive  than n i t r o s y l  
9 f l u o r i d e  . However, it a t t acks  g lass  only a t  elevated temperatures t o  
26 form ( N O ~ ) ~ S ~ F ~  . Numerous react ions  involving n i t r y l  f luor ide  can be 
found i n  t h e  above reviews. It i s  known t o  be s t a b l e  up t o  a t  least 
26 
300 '~  . 
The s t r u c t u r e  of NO F has been wel l  determined by i t s  19g-nmr, 
28 
2 
microwave , 29-31 and v i b r a t i o n a l  (both i r  and ~aman)  32,33 spect ra .  1t 
i s  a p lanar  molecule of C s y m e t r y  with N a s  t h e  c e n t r a l  atom. The 
2v 
s t r u c t u r a l  parameters were f i r s t  obtained by Smith and I4agnusonP9 based 
upon t h e i r  microwave data.  They assumed an 0-N-0 angle of 125' and 
0 
ca lcu la ted  F-N and 0-N bond dis tances  of 1.35 and 1.23 A, respect ively .  
Using t h e  same da ta  Clay-ton and coworkers34 revised t h e  ca lcu la t ions  
by making t h e  more reasonable assumption t h a t  the  0-N-0 angles i n  both 
N02F and N02C1 were equal (129.5'). They calcula ted  F-N and 0-N distances 
0 
of 1.40 and 1.21 A, respectively.  However, r ecen t ly  Legon and Millen's  
investigation3' of t h e  microwave spectrum of t he  i so top ic  species of 
n i t r y l  f luor ide  showed t h a t  the  nitro-group parameters a r e  s i gn i f i c an t l y  
d i f fe ren t  from those of n i t r y l  chloride and n i t r i c  acid. They cal -  
culated an 0-N-0 angle of 136' + 1 . 5 ~  and F-N and 0-N bond distances of 
1.467 5 0.015 and 1.1798 2 0.0035 8, respectively.  Thermodynamic func- 
t i ons  of t h e  i dea l  gas from 100 t o  1500 '~  and force  constants have been 
r e ~ a l c u l a t e d ~ ~  which considerably change e a r l i e r  tabula t ions  35-37 
The heat  of formation of NO F was reported t o  be 26 kcal./mole 
2 
38 based on a heat of hydrolysis of 31 kcal./mole . The heat of react ion 
of Eq. 9 a t  298 '~  was measured t o  be -27.1 2 2 kcal./mole using a flow 
calorimeter from which t he  heat of formation of NO F was calcula ted t o  
2 
be -19 2 2 k ~ a l . / m o l e ~ ~ .  However, these values were l a t e r  corrected due 
t o  t h e  presence of N204, and -33.9 and -25.8 2 2 kcal./mole were obtained 
40 f o r  t he  above heat of react ion and heat of formation, respect ively  . 
hridently,  Hetherington and Robinson38 omit ted the negative s ign  i n  re-  
por t ing t h e i r  value of 26 kcal./mole. 
It has been reported t h a t  n i t r y l  f luor ide  had been observed i n  
a mass spectrometer, but no data were given 24,41 
Some proper t ies  of n i t r y l  f luor ide  appear i n  Table 3. 
Fluorine Ni t ra te  (NO F) 
3 
Fluorine n i t r a t e  (a l so  known a s  nitroxy f luor ide ,  n i t r y l  oxyfluor- 
ide ,  o r  n i t r y l  hypofluori te)  was discovered i n  1934 by Cady42 who bubbled 
f luor ine  gas, heavily d i lu ted  with a i r ,  through concentrated n i t r i c  acid.  
His work was beset  with explosions of t h e  f luor ine  n i t r a t e  during i t s  
preparat ion.  Ruff and  wasn nick^^ noted t h a t  t h e  r i s k  of t h e  explosions 
was somewhat reduced i f  pure f l u o r i n e  gas and 100 percent  n i t r i c  ac id  
was used. A more convenient method was developed by Yost and Beerbower 44 
who r e a d i l y  obtained NO F by passing f l u o r i n e  gas over s o l i d  potassium 3 
n i t r a t e ,  according t o  
KNO + F2-NO F + KF 
3 3 (13) 
Their y ie lds  were e s s e n t i a l l y  quan t i t a t ive .  The reac t ion  of f l u o r i n e  
gas with sodium n i t r a t e  ( s imi la r  t o  Eq. 13) a l s o  gives quan t i t a t ive  
y ie lds  of NO F ~ ~ .  Varying amounts of NO F can a l so  be produced by r e -  3 3 
4 5 ac t ing  OF2 with IV02 . 
Fluorine n i t r a t e  i s  a  co lo r less  compound which i s  dangerously 
explosive i n  t h e  gas, l i q u i d ,  and s o l i d  s t a t e s ,  even a t  l i q u i d  a i r  temp- 
e ra tu res  42-44 . Reviews l i s t i n g  a  v a r i e t y  of r eac t ions  of NO F can be 3 
found elsewhere 
1 0 , l l  . I n  general,  NO F i s  a  powerful oxidizing agent 
3 
which explodes on contact  with many organic compounds, such as e thyl  
alcohol, e ther ,  and a n i l i n e .  However, it  does not a t t ack  Pyrex, quartz, 
43 copper, brass ,  s t e e l ,  o r  i r o n  . 
46 
Based upon parachor s tudies ,  NO F was proposed t o  have t h e  
3  
following cyc l i c  s t ruc tu re :  
Shor t ly  t h e r e a f t e r ,  an e lec t ron d i f f r a c t i o n  study47 yie lded t h e  following 
s t ruc tu re ,  
0 
with F-O', 0 '  -N and 0-N bond lengths of 1.42, 1.39 and 1.29 A, respec- 
t ively ,  and F-Of-N and 0-N-0 angles of 105 and 125', respectively.  It 
was assumed tha t  t h e  F0'-N plane was perpendicular t o  t h e  -NO plane. 
3 
Recently it has been determined t h a t  t h e  C atom i n  methyl n i t r a t e  i s  co- 
48 49 
planar  with t h e  n i t r o  group, and t h a t  n i t r i c  acid  i s  a l so  planar  , 
Consequently, Miller  and coworkers5o concluded t ha t  t h e  s imi la r ly  
s t ructured NO F should a l so  be planar. The ir  spectrum of NO F has been 
3 3 
reported 50-52 and it suggests the  planar s t ruc ture  of Cs symmetry a s  
above. Thermodynamic functions of NO F i n  the  i dea l  gas s t a t e  have been 
3 
0 50 calcula ted from 100-1500 K . 
The heat  of formation of NO F a t  21°c was determined by measuring 
3 
the  heat of react ion of 
NO F + 2 KOH-KNO + KF + + o2 + H20 
3 3 
i n  an adiabat ic  calorimeter53 and yielded AHf = -4.2 L 0.9 kcal .  /mole. 
Breazeale and Maclaren40 determined t he  heat of formation t o  be +2.5 L 
0.6 kcal./mole based upon r e s u l t s  from an adiabat ic  calorimetric inves t i -  
gation of  t h e  synthesis  react ion of NO F from F2 and NaN02. This l a t t e r  3 
value has been accepted by the  JANAF Tables54 as  t he  best  value. 
51 The decomposition of f luor ine  n i t r a t e  has been studied . Spark 
induced explosive decompositions resu l ted  i n  the  production of ONF and 
02, but  t h e  slow thermal decomposition proceeded according t o  
The half  l i f e  of t h i s  react ion a t  107O was about t h i r t y  minutes. The 
act ivat ion energy f o r  t he  r a t e  determining s tep 
51 was determined t o  be 29.7 kcal./mole . This value i s  ac tua l ly  a measure 
of the  upper l i m i t  of t he  0-F bond dissocia t ion energy i n  NO F. 
3 
No mass spectrometric data f o r  PlJO F a r e  avai lable  i n  t h e  l i t e r a -  
3 
8 tu re .  Lawless and Smith incor rec t ly  s t a t e  t h a t  t he  mass spectrum of 
41 NO F was reported by Anderson and MacLaren . 3 
Several proper t ies  of f luor ine  n i t r a t e  a re  l i s t e d  i n  Table 3. 
Nitrosodifluoramine ( 0 ~ ~ )  
In  1962 Colburn and ~ o h n s o n ~ ~  obtained evidence f o r  the  substance 
nitrosodifluoramine. They passed a 1011 mixture of NO/N F through a 
2 4 
hot cap i l l a ry  a t  3 0 0 ~ ~  and a l lowed  the  products to impinge on a glass  
f inger  a t  -196'~. A dark purple deposit formed, which was pu r i f i ed  by 
pumping away excess NO a t  -183'~. The substance decomposed t o  e s sen t i a l l y  
a l l  N2F4 and NO when warmed t o  room temperature. They reported t h e  
19~-rmrr spectrum and absorption spectrum of t h e  new compound, which they 
observed t o  decompose even a t  -70'~. The dark purple color of ONNF2 i s  
present i n  t h e  sol id ,  l iqu id ,  and gaseous s t a t e s .  
The dissocia t ion of tetrafluorohydrazine ( N  F ) t o  difluoramine 
2 4 ~. 
56 rad ica l s  (NF~) has been well s tudied . A t  25 '~  and one atmosphere 
pressure t h e  equilibrium NF concentration i s  0.05 percent. The rad ica l  
2 
concentration increases t o  90 percent a t  300 '~  and 1 atm., a t  150 '~  and 
1 t o r r ,  o r  a t  2 5 ' ~  and 10-lo atm. Thus, under the  above experimental 
conditions of Colburn and Johnson, ONNF was formed by the  d i r ec t  combina- 
2 
t i o n  of NO and NF radicals .  
2 
I n  a l a t e r  a r t i c l e  Johnson and colburnS7 studied t h e  gas phase 
equilibrium 
by measuring the  absorption spectra of mixtures of NO and N2F4 a t  room 
temperature. I n  none of t h e i r  experiments did the  concentration of 
ONNF2 exceed 0.1 percent. From t h e i r  data they calculated the  heat of 
react ion of Eq. 17 t o  be -0.4 2 0.2 kcal./mole of  N2F4 and t h e  heat of 
formation of ONNF2 t o  be 20.4 2 1.4  kcal./mole. Using t h e  more recent 
0 
value of -5 kcal./mole f o r  AHf 298 ( N  F ) (see Table lg), one recalcula tes  
0 
Johnson and Colburn's value of AH 
f 298 (ONNF~) t o  be 18.9 2 1.4 kcal./mole. 
It i s  i n t e r e s t i ng  t o  note t h a t  Johnson and Colburn a r e  t he  only 
invest igators  who have reported t he  i so l a t i on  of O W 2 ,  although some 
5 8 ambiguous evidence f o r  i t s  existence has appeared elsewhere . 
Trifluoramine Oxide (ONF ) 3 
Trifluoramine oxide i s  the  most recent member of t h e  known N-0-F 
compounds t o  be reported i n  t he  l i t e r a t u r e .  The discovery of ONF was 3 
reported independently i n  1966 and 1967 by Ba r t l e t t  and coworkers and 
by s c i e n t i s t s  a t  Rocketdyne and All ied Chemical. The Rocketdyne sc ient-  
i s t ~ ~ ~  reported that ONF could be prepared by an e l e c t r i c  discharge a t  3 
-196'~ of a 1/1 ai r - f luor ine  mixture. The Allied Chemical group prepared 
QNF by an e l ec t r i c  discharge of NF and O2 or  OF2 t o  give 10-15 percent 
3 3 
and by t he  reaction of ONF and F2 a t  350'~ and almost 5000 
62 
p s ig  , B a r t l e t t  and coworkers 63,64 f i r s t  observed ONF a s  a t r a ce  pro- 3 
duct i n  t he  react ion of O W  with PtF6 and OsF They l a t e r  found 6 5 
6 '  
t ha t  it could be obtained i n  good y ie ld  by: 1) t h e  pyrolysis  of n i t r o sy l  
hexafluoronickelate(IV) i n  f luor ine ,  according t o  
(ON) 2 ~ i ~ 6  -OW + ONF + NiF 
3 3 
or  by 2 )  the  in te rac t ion  of n i t r o sy l  f luor ide  with ir idium hexafluoride 
3 ONF + 2 IrF6- 2 ONIrF6 + O N F  
3 (19 
ONF i s  thermally s tab le  up t o  3 0 0 ~ ~  i n  a nickel  or Monel vessel .  3 
It i s  r e l a t i v e l y  i ne r t ,  not a t tacking glass ,  many metals, and even water 
a t  room temperature. It i s  a strong oxidizing agent, but it requires  
a r a the r  high ac t iva t ion  energy t o  undergo thermodynamically favorable 
react ions .  The mode of oxidation by ONF usual ly  involves f luor inat ion 
3 
60 ra ther  than oxygenation . 
The s t ruc ture  of ONF has been determined t o  be very nearly 
3 
t e t rahedra l  with C symmetry based upon i t s  ir, 59,60, 65,66 19,- 
3v 
60,65,66 14 
- 2  
68 
N-nmr ,  67 Raman, and microwave69 spectra.  The only 
determination of t he  s t ruc tu r a l  parameters of ONF was made by Curtis  
3 
and coworkers59. Based upon t h e i r  ir data, they assumed te t rahedra l  
0 
angles (109.5') and an 0-N bond distance of 1.15 A and calcula ted a F-N 
0 
bond distance of 1.48 A. 
The mass spectrum of ONF2 has been reported by two groups of 
66 
4 
authors. Fox and coworkers obtained the pos i t ive  ion mass spectrum 
of ONF i n  a Consolidated Electrodynamics Model 21-202 spectrometer 3 
operating a t  70 eV (see Table 1 ) .  Dibeler and coworkers70 studied O W  
3 
using t he  monoenergetic photon impact method (see m able 2) .  From t h e i r  
0 data and known heats  of formation, they were able  t o  derive AH (OW ) = f 0  3 
-3.02 eV (-69.6 kcal./mole), D(O-NF ) = 4.3 eV, and D(ONF~-F) = 1.9 eV. 
3 
The spectra of Tables 1 and 2 d i f f e r  s ign i f ican t ly  because t he  ionizing 
energy of the  l a t t e r  was not suf f ic ien t ly  high t o  produce addi t ional  
fragment ions. 
An independent determination of the  heat of formation of O W  
3 
was reported from studies of t h e  equilibrium 71 
0 
as a function of temperature (260 - 370 C)  and pressure (100 - 350 atm.). 
0 
The r e su l t  was AH (OW ) = -34.1 f. 0.5 kcal./mole. 
f 3 
In  recent patents  obtained by Allied ~hemica1 ,7~ ,73  OW, i s  
claimed t o  be useful  as  an oxidizer ingredient i n  miss i le  fue l s .  
Several proper t ies  of ONF are  l i s t e d  i n  Table 3. 
3 
Unconfirmed and Postulated N-0-F Comounds 
Very few predictions a r e  reported i n  t h e  l i t e r a t u r e  concerning 
new types of compounds comprised of nitrogen, oxygen and f luor ine  atoms. 
I n  1966 Spratley and ~ i m e n t e l ~ ~  developed a banding model which explained 
t h e  weak F-N bond i n  ONF and weak 0-F bond i n  0 F and a l so  furnished 2 2 
predic t ions  f o r  a host of new compounds. They explained t he  unusual 
bonding i n  ONF and 02F2 a s  resu l t ing  from the  electron sharing i n  t he  
antibonding m* o r b i t a l s  of t h e  parent molecules, NO and 02. I n  each 
case, a weak bond i s  formed with an atom of high electronegativity,  such 
Table 1. Mass Spectrum of ONF By Electron Impact a t  70 eva 3 
Rel. Re1 . 
Ion Abund. Ion Abund. 
a 
Data from Fox, e t  
Table 2. Mass Spectrum of ONF By Photon Irnpacta 3 
Appearance 
Ion Process Ion m/e  Rel. Abund. Po ten t ia l  
@ 21.22 ev ( ev> 
a 
Data from Dibeler and Walker 70 
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as  F, and the  parent molecule i s  l i t t l e  affected.  
They represented t h e  simplif ied molecular o r b i t a l  description of 
t he  o r b i t a l  occupancies of NO and O2 as 
Thus, NO has one s ingly  occupied antibonding n* o r b i t a l  available,  which 
consis ts  of a planar four-lobe dis t r ibut ion,  and O2 has two such singly 
occupied rr* orb i t a l s ,  oriented i n  two perpendicular planes. Consequently, 
i n  O W  a f luor ine  atom can overlap with one of t he  lobes of the  TT * 
X 
o r b i t a l  of XO, and i n  0 F one F atom can overlap with a * lobe and 
2 2 X 
another F atom with a TI * lobe of 0 a t  t h e  opposite ends of the  molecule 
Y 2 
t o  reduce repulsion e f fec t s .  The highly electronegative F atom releases  
very l i t t l e  electron density and therefore  forms weak F-N o r  0-F bonds 
i n  these molecules. Spratley and Pimentel denote these  types of bonds 
as  (p-n*)a and (s-n*)o bonds. 
Spratley and Pimentel concluded t ha t  NO and O2 might take t he  r o l e  
of t he  f luor ine  atom i n  similar  compounds since the  e f fec t  on e i ther  NO 
or  O2 i s  s l i gh t  as  f luor ine  bonds t o  it and thus the  th ree  species must 
have comparable e lect ron-at t ract ing power. Also, they surmised t h a t  
OF might subs t i tu te  f o r  NO and O2 s ince  t he  simple MO description pre- 
d i c t s  a 1 .5  bond order and an o r b i t a l  occupancy a s  follows 
Thus, OF has a s ingly  occupied IT* o r b i t a l  which can accept e lect rons  t o  
form weak bonds, as  do NO and 0 
2 ' 
From these conclusions, Spratley and Pimental postulated t he  
existence of several  families of compounds which include F(O ) F, 
2 n 
and O N ( O ~ ) ,  This research i s  pa r t i cu l a r l y  concerned with t h e  second 
and t h i r d  t o  l a s t  families since they a r e  N-0-F compounds. The f i r s t  
several  members of these families a r e  l i s t e d  i n  Table 4. It i s  i n t e r e s t -  
ing t o  note t ha t  n i t r o sy l  f luor ide  (ONF) ex i s t s  i n  t he  form given i n  
Table 4, but n i t r y l  f luor ide  ( N O ~ F )  and f luor ine  n i t r a t e  (NO F) ex i s t  
3 
i n  d i f fe ren t  isomeric forms. 
In  a study of "superoxidizers" i n  1961 Martinez and coworkers 5 8 
obtained evidence f o r  blue and red  colored low temperature complexes 
from t h e i r  reactions of N F with 0, 0 
2 4 2, 03, NO, and NO2. They suggested 
compounds of t he  type NF202, NF OONF2, N0.N2F4 (or  N O N F ~ )  and N02.N2F4 
2 
( o r  NO2NF2) They also postulated an intermediate species ONNFNFNO 
which decomposes t o  F, N and NO i n  the  r a t i o  2:1:2. However, they 
2 , 
were unable t o  iden t i fy  any of the  unstable colored materials .  Since 
5 5 then the  dark purple, unstable ONNF has been discovered . Also, t h i s  
2 
t h e s i s  research has confirmed the  existence of ONNF2 and i den t i f i ed  t he  
new compound 02NNF2. 
In  1967 Miller and coworkers75 obtained questionable evidence 
f o r  a new, unstable nitrogen-fluorine compound from the  fission-fragment 
rad io lys i s  (produced by neutron i r rad ia t ion  of f u l l y  enriched UF ) of 4 
a mixture of NF' and F2. Their gas chromatograph evidence indicated a 
3 
boi l ing  point  near - 5 0 ' ~ .  Results from mass spectrometry showed a peak 





a Taken from Sprat ley  and Pimentel 74 
+ 
a t  m/e = 90, which would correspond t o  NF 4 -  They suggested t h e  new 
compound might be NF o r  F NNF of which they claimed t o  have made 1-10 
5 3 3' 
micromoles. This compound i s  not a member of the  N-0-F family, but it 
i s  included here  because of i t s  c lose  r e l a t i o n  a s  a high energy oxidizer .  
I n  t h e i r  review of high energy oxidizers,  Lawless and Smith 8 
s t a t e d  t h a t  attempts by severa l  l abora to r ies  t o  produce compounds of t h e  
type N ( O F ) ~  and NF OF had f a i l e d .  Although t h i s  comprehensive review 2 
was not "c lass i f ied" ,  t h e  authors had access t o  many r e s u l t s  which came 
from c l a s s i f i e d  sources and unpublished repor t s  from many p r i v a t e  com- 
panies.  It seems safe  t o  assume, a s  o thers  have done:' t h a t  much of 
t h e  revelant  information i n  t h i s  area s t i l l  remains c l a s s i f i e d .  
This research employed N F and 0 F a s  reagents i n  a majori ty of 
2 4 2 2 
experiments attempting t o  produce N-0-F compounds. The importance of 
N2Q, which e a s i l y  forms NF2 rad ica l s ,  i n  t h e  search f o r  new N-0-F com- 
pounds i s  evident from t h e  preceding discussion i n  t h i s  chapter.  
OzF2 
w i l l  be used as  a p o t e n t i a l  source of 02F radicals. Even though 0 F 
2 2 
i s  a very r e a c t i v e  f luor ina t ing  agent, Solomon and coworkers 76-78 have 
demonstrated t h a t  under control led  conditions it i s  a l s o  a source of 
0 F rad ica l s .  They showed 1 )  t h a t  t h e  0 F r a d i c a l  can be t r ans fe r red  
2 2 
t o  SO i n  t h e  reac t ion  
2 
2) t h a t  0 F r e a c t s  with C F a s  follows 
2 2 3 6 
0 F + C F -perfluoropropyl OOF compounds 
2 2  3 6  
and 3) t h a t  the  r eac t ion  of 02F2 and BF can be expl-ained i n  terms of 
3 
t h e  02F rad ica l .  
CHAPTER I1 
APPARATUS AND EXPERIMENm TECHNIQUE 
Mass Spectrometer 
The major piece of apparatus used i n  t h i s  thes i s  was a Bendix 
Model 14-107 time-of - f l i g h t  (TOF) mass spectrometer. Analysis by mass 
spectrometry has several  advantages over other  conventional methods 
such as  nuclear magnetic resonance (nmr), infrared ( i r ) ,  electron para- 
magnetic resonance (epr) ,  and Raman spectroscopy. One important fea tu re  
of t he  mass spectrometer i s  t ha t  t h e  output data (mass spectra)  a re  
obtained quickly and a r e  usual ly  read i ly  in terpreted.  Other types of 
spectroscopic methods have become f a i r l y  routine, but they s t i l l  require  
an expert i n  t h a t  pa r t i cu la r  f i e l d  fo r  in te rpre ta t ion .  Also, the  mass 
spectrometer can analyze f o r  very small quant i t ies  of a material ,  as  
long as  it exer ts  a vapor pressure of t o  torr7' and can be 
separated from other substances present by means of t h e i r  d i f fe ren t  vola- 
t i l i t i e s .  Most important, though, i s  t ha t  the  mass spectrometer i s  r e ad i l y  
adaptable f o r  low temperature analysis  of unstable species. This adapta- 
t i on ,  denoted cryochemical reactor  and ana ly t ica l  f a c i l i t y ,  i s  described 
below. 
A disadvantage of the  mass spectrometer i s  t ha t  quite of ten t h e  
molecular pos i t ive  ion of a substance containing F atoms i s  not observ- 
able and other  fragment ions frequently have low in t ens i t i e s .  This i s  
due t o  t h e  high e lect ronegat ivi ty  of F and i t s  reluctance t o  give up an 
an electron.  Also, the  s t ruc tu re  of a molecule cannot be determined on 
t he  bas i s  of mass spectrometric data.  
Cryogenic Reactor and Anal.ytica1 F a c i l i t y  
A generalized cryochemical react ion system would involve four  
steps: 1 )  ac t iva t ion  of a parent  substance o r  mixture t o  produce f r e e  
rad ica l s ,  excited species, o r  o ther  highly reac t ive  intermediates; 
2 )  f a s t  quenching of products i n  a cryogenic reactor ;  3) pur i f i ca t ion ;  
and 4) analys is .  It i s  e s sen t i a l  t ha t  t he  pur i f i ca t ion  and analys is  
i n  t h e  mass spectrometer be performed without previous warm-up t o  avoid 
the  decomposition of any unstable species which may be present .  
The apparatus used i n  t h i s  t h e s i s  t o  perform the  above operations 
1 s  denoted a s  "cryogenic reac to r  and ana ly t i ca l  f a c i l i t y , "  designed, 
80 
b u i l t ,  and described i n  d e t a i l  by Holzhauer and McGee . 
The re f r ige ran t  used i n  t h i s  work consisted of a 65/35 weight 
percent mixture of  isopentane/2-methyl pentane which freezes a t  -168'~ 
and bo i l s  a t  35O~.  In  a t yp i ca l  experiment, react ion products were 
quenched i n  a reactor  immersed i n  a one l i t e r  dewar of e i t he r  l i qu id  
N2 (-196'~) o r  l i qu id  o2(-183Oc). Upon completion of t he  react ion,  the  
one l i t e r  Dewar was quickly replaced by a 21 cm I.D. Dewar f i l l e d  with 
l i q u i d  N2 t o  allow f o r  precooling of the  suspended components of t he  
f a c i l i t y .  After  several  minutes t he  l i qu id  N Dewar was removed and 
2 
quickly replaced by another l a rge  Dewar containing the  re f r ige ran t  mix- 
t u r e  near its f reezing point .  Even though t h i s  Dewar exchange took about 
f i v e  seconds, no rap id  decomrpositions o r  explosions ever occurred, even 
i n  t he  case of condensed ozone. The temperature gap from l i qu id  0 t o  
2 
t o  t h e  f reezing point  of t h e  r e f r i g e r a n t  (-183 t o  -168'~) d id  not prove 
t o  be troublesome s ince  none of t h e  compounds of i n t e r e s t  were pumped 
away a t  these  temperatures. However, some d i f f i c u l t y  was encountered 
i n  maintaining t h e  re f r ige ran t  temperature between -168 and -165O~ 
during t h e  ana lys i s  of ONF due t o  t h e  increased v i s c o s i t y  of t h e  r e f r i g -  
3 
erant  mixture near i t s  f reezing po in t .  
During t h e  control led  warm-up and analys is ,  t h e  pressure  within 
t h e  reac to r ,  which was continuously pumped, was monitored by a Vacuum- 
Elect ronics  Corp. model #DG~-~T thermocouple gage loca ted  i n  t h e  pump- 
out  l i n e  immediately downstream from the  reac to r .  The optimum r e a c t o r  
pressure  f o r  observation and appearance p o t e n t i a l  determination of a 
p a r t i c u l a r  species  was determined t o  be approximately 0.1-0.2 t o r r .  A t  
lower pressures  t h e  s e n s i t i v i t y  was too low; a t  higher pressures  t h e  
products were pumped away too quickly. 
Another important f e a t u r e  of t h e  cryochemical r eac to r  and analy- 
t i c a l  f a c i l i t y  i s  t h a t  it i s  r e a d i l y  adaptable t o  many synthesis  tech- 
niques. The arrangement of t h e  f a c i l i t y  permits  interchange of r eac to r s  
i n  a minimum of time s ince  only one soldered connection i s  required  
between t h e  i n l e t  valve and t h e  reac to r .  The various reac to r s ,  whether 
Pyrex g lass  o r  metal, were connected t o  t h e  a l l  copper tubing vacuum 
manifold system by means of Cajon Ul t ra  Torr O-ring couplings and Whitey 
brass  valves with Teflon packings and Swagelock f i t t i n g s .  The pump-out 
l i n e  of t h e  vacuum system contained a soda lime t rap ,  with opt ional  bypass, 
t o  p ro tec t  t h e  pump o i l  from f l u o r i n e  gas. System pressures  were monitored 
by a thermocouple gage (1-~OOOP), a Hg manometer protec ted  by a l a y e r  of 
Kel-F o i l  (1-50 t o r r ) ,  and by standard d i a l  pressure  gages (30 i n .  vac. 
t o  15  p s i g )  . 
Synthesis Techniques 
Several genera l  synthes is  techniques were used i n  t h i s  t h e s i s  t o  
i n v e s t i g a t e  t h e  N-0-F compounds. These included: 1) e l e c t r i c  discharge, 
a s  i n  t h e  prepara t ions  of 0 F and ONF 2) radio  frequency discharge, 
2 2 3 ; 
which proved t o  be r a t h e r  unsuccessful;  3)  pyrolys is ,  a s  i n  t h e  pre-  
pa ra t ions  of ONNF2 and 02rJNF2; and 4 )  chemical ac t iva t ion ,  a s  i n  ONF,  
N02F, and N03F. 
I n  t h e  e l e c t r i c  discharge experiments, power was supplied by a 
va r i ab le  high vol tage  60-cycle transformer (neon s ign  type)  with a 
15,000 ohm power r e s i s t o r  i n  s e r i e s .  I n  t h e  Pyrex g l a s s  r e a c t o r  of 
Figure 1, t h e  glow discharge occurs between t h e  two copper wire e lec-  
t rodes .  I n  t h e  metal r eac to r  of Figure 2, the  discharge i s  e s t ab l i shed  
between t h e  center  e lec t rode  and t h e  grounded cold wal ls  of t h e  r eac to r .  
The enlarged cross  sec t ion  i n  the  metal r eac to r  prevents  the  discharge 
from occurring near t h e  Teflon i n s u l a t o r .  
The rad io  frequency (rf)  discharge experiments were conducted i n  
t h e  apparatus of Figure 3. Power was supplied t o  a 67-turn, 1-1/8 i n .  O.D.  
copper antenna wire c o i l  by means of a H a l l i c r a f t e r s  model H T - 4 ~  rad io  
t r a n s m i t t e r  which operated a t  about 3.5 MHz and had a maximum power out-  
81 
pu t  of 320 wat ts .  An impedance matching network was used t o  match 
t h e  impedance of t h e  t r ansmi t t e r  t o  t h a t  of t h e  plasma and thus  a t t a i n  
maximum power t r a n s f e r .  
The g l a s s  pyro lys i s  apparatus i s  shown i n  Figure 4 .  The reac to r  
i s  t h e  same a s  i n  Figure 1, only the  e lec t rodes  have been removed and 
replaced by t h e  furnace attachment. The 1-mm I.D. c a p i l l a r y  furnace i s  
15 i n .  long and i s  heated over a 4.5 i n .  length  by a 15 ohm wire hea te r  
made of 28-gage ba re  n icke l  chromium wire which i s  secured t o  t h e  outs ide  
of t h e  c a p i l l a r y  by Sauereisen Electrotemp Cement No. 8. The e x i t  of 
t h e  c a p i l l a r y  i s  j u s t  below t h e  top  of t h e  wide por t ion  of t h e  r eac to r .  
The furnace was ca l ib ra ted  a t  atmospheric pressure  by i n s e r t i n g  a copper- 
constantan thermocouple i n t o  t h e  heated segment of t h e  c a p i l l a r y  and 
recording t h e  input  vol tage  t o  t h e  hea te r  versus temperature. These r e -  
s u l t s  a r e  p l o t t e d  i n  Figure 5 .  
The experiments involving only chemical a c t i v a t i o n  were character-  
i z e d  by a high negative hea t  of r eac t ion .  I n  t h e  gas-gas r eac t ion  of F 
2 
and NO t o  form ONF, t h e  r e a c t a n t s  were b led  from separa te  s torage  vesse l s  
(P  = 2-20psia) i n t o  a room temperature i n .  copper tube a t  low pressure  
(0.2-2.0 t o r r )  where they  reac ted  t o  form ONF. The products  were then 
pumped through a t r a p  immersed i n  l i q u i d  n i t rogen.  I n  the  gas-sol id 
r eac t ions  t o  form NO F and NO F, t h e  F gas was pumped over a  bed of 
2 3 2 
powdered NaNO and KNO respect ive ly .  The s o l i d  NaNO and KNO were con- 
2 3' 2 3 
t a ined  i n  a  3/4 i n .  O.D.  Pyrex tube which was connected t o  t h e  vacuum 
system with O-ring couplings. The products were then pumped through a 
l i q u i d  J! t r a p  connected t o  t h e  cryogenic a n a l y t i c a l  f a c i l i t y .  Two types 
2 
of t r a p s  were used i n  these  experiments. One was an a l l  g l a s s  t r a p ,  a s  
i n  Figure 1, but  with t h e  e lec t rodes  removed. The o ther  was an a l l  metal  
U-tube constructed of $ i n .  O.D. Monel tubing s i l v e r  soldered t o  copper 
couplings. These p a r t i c u l a r  gas-gas and gas-sol id  r eac t ion  techniques 
a r e  not u s e f u l  f o r  preparing uns table  species  s ince  only t h e  room tempera- 
t u r e  r e a c t i o n  products  a r e  condensed. 
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Figure 3. Radio Frequency Discharge Reactor 
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Figure 4. Glass Capillary Pyrolysis Reactor 
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Figure 5. Calibration of Furnace Attachment For Pyrolysis Reactor 
Pos i t ive  and Negative Ion Mass Spectra 
Pos i t ive  ion  mass spect ra  were recorded on a Hewlett-Packard 
Moseley 7002B X-Y recorder i n  conjunction with a Hewlett-Packard Moseley 
1 7 1 0 8 ~  External Time Base, and v i s u a l l y  observed on a Tektronix Type 
547 osci l loscope.  Unambiguous mass assignments were e a s i l y  made up t o  
m/e = LOO using a s  reference peaks from the ever present N 2 ,  0 2 9  and 
H20. The ionizing voltage of the spectrometer was maintained a t  70 eV 
during the  recording of a l l  pos i t ive  ion spect ra .  Mass spectra of severa l  
miscellaneous compounds encountered i n  t h i s  work a r e  reported i n  Appendix D. 
Unfortunately, t h e  Bendix 14-107 mass spectrometer i s  not adapted 
t o  record negative ion  spectra.  However, negative ions  could be d is -  
played on t h e  osci l loscope,  but with the  d i s t i n c t  disadvantage t h a t  t h e  
maximum ion  current  i n t e n s i t i e s  sometimes produced only ba re ly  discern-  
i b l e  mass peaks even a t  very  high i o n  source pressures t o r r ) .  The 
i n t e n s i t y  of each negative ion mass peak was estimated a t  the  ion iz ing  
vol tage  y ie ld ing t h e  maximum i n t e n s i t y .  Consequently, t h e  negative i o n  
spect ra  of t h e  N-0-F compounds repor ted  i n  the  t e x t  a r e  of  a very approxi- 
mate nature.  Mass assignments were e a s i l y  made s ince  F- was usual ly  t h e  
most, abundant negative ion  present  due t o  i t s  high e lec t ronega t iv i ty .  
Appearance Po ten t i a l  Measurements 
The appearance p o t e n t i a l  (AP) of an ion  i s  defined a s  t h e  l e a s t  
amount of energy required t o  produce t h a t  ion  i n  a given ion  process 
where t h e  r eac tan t s  and products a r e  i d e a l  gases i n  t h e i r  ground s t a t e s  
a t  O'K. Since A(W) i s  neg l ig ib le  f o r  an ion-source reac t ion ,  then 
Thus, A(x') from X-Y i s  the  heat of reaction fo r  
The differences i n  heats of reaction a t  298' and OOK a r e  su f f i c i en t l y  
small i n  comparison t o  experimental e r ro rs  i n  appearance po ten t ia l s  so 
t h a t  t he  AP i s  usual ly  taken as t h e  heat of reaction a t  298'~. Thus, 
AP's can be combined with known standard heats  of formation t o  calcu- 
l a t e  unknown heats of formation and bond dissociat ion energies ( D ) .  
It i s  not t he  purpose of t h i s  work t o  give a c r i t i c a l  analysis  of 
a l l  t he  methods of determining appearance po ten t ia l s .  In  t h e i r  compre- 
hensive l i s t i n g  of appearance po t en t i a l  data of pos i t ive  ions up t o  June 
1966, Franklin and coworkers8* l i s t e d  the  various methods avai lable  and 
t h e i r  estimated precisions.  Table 5 shows t h e i r  r e s u l t s  along with 
references describing each method. A deta i led discussion of fac tors  
a f fec t ing  the  r e l i a b i l i t y  of AP data can be found elsewhere 83-85 
I n  general,  electron impact methods suffer  from lack of an abso- 
l u t e  energy scale  and from a wide energy spread i n  the  e lect ron beam. 
Thus, a ca l ib ra t ing  gas, usually argon, must be used t o  f i x  the  energy 
scale  with the  assumption t ha t  the  ionization cross-sections of argon 
and of t he  ion under study a re  similar .  
The extrapolated voltage difference (EVD) method developed by 
Warren86 was chosen t o  be used i n  t h i s  t h e s i s  because of i t s  f a i r l y  good 
accuracy, speed i n  p lo t t i ng  of data on the  X-Y recorder, and ease i n  
in te rpre ta t ion .  The RPD method i s  the  only electron impact method of 
79,87 higher precis ion,  but the  data taken by others  i n  t h i s  laboratory 
and several  preliminary t r a i l s  by t h i s  author showed t h i s  method t o  be 
Table 5. Experimental Appearance Potent ia l  ~ e c h n i ~ u e s "  
Estimated Precision 
i n  Measurement of AP of 
Abbre- Parent Ion Fragment Ion 
v ia t ion  Method Ref. (.v> ( a 
s opt ica l  spectroscopy 88 0.01 - - 
P I  Photoionization 89,90 0.01 0.05 
EM Electron monochromator 91,92 0.05 0.05 
R P D ~  Retarding po t en t i a l  difference 93,94 0.05 0.1 
PE Photoelectron spectroscopy 95 0 .1  - - 
S I  Surface ionizat ion 96 0 . 1  - - 
EVD~" Extrapolatedvol tage 8 3 , 6 9 7  0 .2  0 .3  
difference 
C S ~  C r i t i c a l  slope 
SL 
b 
Semi-log p lo t  
F i r s t  d i f f e r e n t i a l  p l o t  FDP 100 0.2 0 .3  
M S D ~  Morrison 2nd d i f f e r e n t i a l  p lo t  100 0.2 0 .3  
V C ~  Vanishing current  o r  i n i t i a l  83,97 0 .2  0 .3  
break 
V D F ~  Voltage difference a t  f ixed  % 99,101 0.3 0.4 
of standard ion current 
E C ~  Energy compensation 97 101 0 .3  0 .5  
Linear extrapolation 83,97 0 .4  0 .5  
82 
'~rorn Franklin e t  a1  . 
b ~ p p l i c a b l e  t o  e lect ron impact 
'~e thods  used i n  t h i s  work 
r a t h e r  unre l i ab le  f o r  the  RPD arrangement used the re in .  
The procedure used f o r  t h e  EVD method i s  a s  follows. The ioniza-  
t i o n  e f f i c iency  (IE)  curve of t h e  ion under study i s  p l o t t e d  d i r e c t l y  
on t h e  X-Y recorder f o r  t h e  f i r s t  severa l  e lec t ron v o l t s  above t h e  onset 
of ioniza t ion.  The I E  curve f o r  argon, which i s  introduced i n t o  the  ion  
source simultaneously with t h e  sample gas, i s  then p l o t t e d  with t h e  i n -  
t e n s i t y  of t h e  curve adjusted e lec t ron ica l ly  so t h a t  t h e  two curves a r e  
nea r ly  p a r a l l e l .  The t r a p  and f i lament currents  i n  t h e  ion  source a r e  
automatical ly held  constant,  usual ly  a t  0.02 microamps and 3.5 amps, 
respect ively .  The voltage d i f ference  between t h e  two curves i s  then p l o t t e d  
versus ion  i n t e n s i t y  and extrapolated t o  zero i n t e n s i t y .  This d i f ference  
i s  used t o  ca lcu la te  the  appearance p o t e n t i a l  of the ion  based upon t h e  
ion iza t ion  p o t e n t i a l  of argon of 15.76 ev. 
The above method works f i n e  when applied t o  an ion  whose I E  curve 
r e s u l t s  from only one ion-source process. This i s  usual ly  t h e  case f o r  
parent  molecular ions  and some major fragment ions.  However, f o r  many 
fragment ions,  e spec ia l ly  those of low i n t e n s i t y ,  t h e  I E  curves a r e  
usual ly  "long-tai led" and a r i s e  from two o r  more ion-source processes 
of d i f f e r i n g  but c lose  threshold energies. The method used by t h i s  author 
t o  measure t h e  AP1s due t o  these  competing processes i s  a s  follows. The 
AP of lowest energy i s  measured by increas ing t h e  instrumental  s e n s i t i v i t y  
and applying t h e  usual  EVD technique. I f  the  i n t e n s i t y  of t h e  I E  curve 
a t  maximum s e n s i t i v i t y  i s  s t i l l  too low o r  i f  the  signal- to-noise r a t i o  
i s  so low t h a t  t h e  EVD method becomes meaningless, then t h e  l i n e a r  i n -  
t e rcep t  (LI) method i s  used t o  approximate t h e  lowest energy AP. The 
AP of next higher threshold energy i s  then determined by subtrac t ing from 
t h e  IE curve t h e  l i n e a r l y  increasing contribution from the  ion-source 
process of lower energy and then applying t he  EVD technique t o  t h e  re -  
su l t ing  curve. 
I n  the  following chapter the  individual  AP's of t he  N-O-F com- 
pounds a r e  given and ra ted  as excellent ,  good, f a i r ,  o r  poor, depending 
upon the  nature of the  I E  curves and qua l i ty  of the  E7JD f i t  with argon. 
I n  Appendix C several  t yp i ca l  I E  curves a r e  presented which demonstrate 
the  above techniques and t h e  wide var ia t ion  i n  t h e  qua l i ty  of the  raw 
data. 
Electron impact measurements of appearance po t en t i a l s  may be 
s l i g h t l y  high due t o  t he  Frank-Condon Principle,  which qua l i t a t i ve ly  
s t a t e s  t h a t  the re  i s  no change i n  t h e  in ternuclear  coordinates f o r  a  
molecule o r  fragment during i t s  ionizat ion by e lect ron impact due t o  t he  
small mass of t h e  electron.  Thus, i f  the  equilibrium configuration of 
t he  ion d i f f e r s  considerably from t h a t  of t he  neu t ra l  molecule, t he  
amount of energy required f o r  ionizat ion w i l l  be greater  than t h e  adia- 
ba t i c ,  o r  minimum, value. Transit ions which follow the  Frank-Condon 
Pr inciple  a re  ca l l ed  v e r t i c a l  t r an s i t i ons .  Spectroscopic and photo- 
ionizat ion measurements can usual ly  y i e ld  adiabat ic  values. Figure 6 
shows the  qua l i t a t i ve  difference between t h e  v e r t i c a l  and adiabat ic  
ionizat ion po t en t i a l s  of a  general diatomic molecule. For most appear- 
ance po t en t i a l s  t h i s  difference i s  qu i te  small (0-0.2 e ~ ) ,  but f o r  l a rge  
changes i n  in ternuclear  coordinates, such a s  i n  NOg and ONF2 ( t o  be 
discussed i n  a  l a t e r  section),  t h e  di f ference may be 0.5-1.0 eV. 
~tevenson'" has formulated an empirical r u l e  t h a t  where a  mole- 
cule  can d i s soc ia te  by two processes: 
horizontal dashed lines 
represent vibrational levels 
vertical transition 
. . . i .  
adiabatic transition 
A + B  
Internuclear Distance 
Figure 6. Diagr m Of The Potential Energy Curves For The General Diatomic 8 
Species AB And AB Comparing The Vertical And Adiabatic Ionization Potentials 
the  r a d i c a l s  5+ and R w i l l  be produced ( ~ g .  3) i n  t h e i r  lowest s t a t e s  
2 
o r  without excess k i n e t i c  energy only when the  ionizat ion p o t e n t i a l  of 
5 i s  l e s s  than t h a t  of R2. Although the re  i s  no t h e o r e t i c a l  explanation 
f o r  t h i s ,  it has been found t o  hold i n  almost a l l  cases. Thus, it allows 
t h e  bond dissocia t ion energy t o  be ca lcula ted  from t h e  appearance poten- 
t i a l  of t h e  ion  with t h e  lower ionizat ion p o t e n t i a l .  
Franlrlinlo3 has developed a technique t o  detec t  and measure kin-  
e t i c  energies of fragment ions.  Also, he has cor re la ted  t h e  t o t a l  ex- 
cess  energy E* with t h e  experimentally measured excess t r a n s l a t i o n a l  
energy of t h e  fragments e according t o  t' 
- E* 
et = qy (5)  
where cu is an a r b i t r a r y  parameter shown t o  be constant f o r  a l a r g e  number 
of molecules, and N i s  t h e  number of c l a s s i c a l  o s c i l l a t o r s  i n  t h e  molecule. 
Holtlo5 has applied t h i s  technique t o  t h e  t h r e e  membered r i n g  compounds 
cyclopropane, cyclopropanone, cyclopropene, and cyclobutanone. The major 
drawback of t h i s  technique i s  t h a t  it requires  a very rough ext rapola t ion 
of t h e  excess t r a n s l a t i o n a l  energy near the  appearance p o t e n t i a l  of t h e  
i o n  where t h e  data tend t o  s c a t t e r  over a wide range. The p robab i l i ty  of 
excess energy increases  with t h e  number of bonds broken. Therefore, 
appearance p o t e n t i a l s  repor ted  i n  t h i s  work, upon which t h e  energet ics  
of t h e  N-0-F compounds a r e  derived, a r e  not expected t o  contain much 
excess energy because they involve t h e  cleavage of only one bond. The 
Franklin method of ca lcu la t ing  excess energies was not used i n  t h i s  
study. 
CHAPTER I11 
RFSULTS AND DISCUSSION 
Preparat ion of Known N-0-F Compounds 
Ni t rosyl  Fluoride (ON.) 
I n i t i a l  experiments on t h e  d i r e c t  addi t ion  of NO t o  F ind ica ted  
2 
t h a t  a  spontaneous reac t ion  was occurring. However, absence of a  parent  
peak of ONF' and poor a n a l y t i c a l  technique (mass spect ra  were not  obtained 
over a  continuous warm-up) delayed t h e  i d e n t i f i c a t i o n  of O W .  
An attempt was made t o  produce O W  from KF and NO Ten grams of 
2 ' 
KF.2H20 were baked i n  an oven a t  3 5 0 ' ~  f o r  two hours and then pumped 
under vacuum overnight.  A g las s  t r a p  -was then charged with t h e  KF and 
gaseous NO t o  1 atm. The t r a p  was allowed t o  stand f o r  t h r e e  days a t  
2 
ambient temperature. Af te r  t h i s  time t h e  dark red-brown color  of NO 
2 
vapor had not  diminished noticeably.  This indica ted  a low conversion of 
NO2 a t  bes t .  An accura te  analys is  of  t h e  products was not obtained. 
The successful  prepara t ion  and i n d e n t i f i c a t i o n  of ONF was obtained 
by combining NO and F a t  low pressures  (1-2 t o r r )  i n  1/4 i n .  copper 
2 
tubing and pumping t h e  products continuously through e i t h e r  an a l l  metal 
o r  a  g l a s s  t r a p  a t  -196'~. I n  a  t y p i c a l  experiment 40 mmoles of both 
NO and F2 were combined a t  a  r a t e  of about 5 mmoles/min. If a g l a s s  
t r a p  was used, t h e  products  cons is ted  of  mostly ONF p lus  some NO F, N 0 
2 2 3' 
a t r a c e  of ONF and a f l a k y  white so l id ,  probably (NO ) SiF This 
3' 2 2 6' 
f l a k y  white substance evident ly  serves a s  a  p ro tec t ive  coating on t h e  
g l a s s  wal ls  which a r e  r e a d i l y  a t tacked by ONF. Conversion of NO t o  
products was complete. If a metal t r a p  was used, t h e  r e s u l t s  were 
s imi la r  except t h a t  no N 0 and (NO ) SiF6 were formed. 
2 3  2 2 
The mass spect ra  and appearance p o t e n t i a l s  of ONF were obtained 
between -145 and - 1 4 0 ~ ~ .  A t  t h i s  temperature N02F and ONF were com- 3 
p l e t e l y  pumped away, and N 0 and (NO ) SiF exerted neg l ig ib le  vapor 
2 3 2 2  6 
pressures .  
N i t r y l  Fluoride ( N O ~ F )  
N02F was prepared i n  high y i e l d s  by pumping F over a bed of 
2 
s o l i d  NaN02. The products  were trapped i n  e i t h e r  a g l a s s  o r  metal t r a p  
a t  -196'~. In  a t y p i c a l  experiment t e n  grams of NaNO were d r i ed  a t  2 
200°C under vacuum and pumped overnight .  About 50 m o l e s  of F2 were 
pumpedthrough t h e  g l a s s  tube  containing t h e  NaNO a t  flow r a t e s  from 
2 
0.5 t o  1 .0  mmoles/min. A l a r g e  por t ion  of the  F2 passed unreacted through 
t h e  t r a p .  Mass spectrometric  ana lys i s  o f  t h e  r eac t ion  products  showed 
mostly N02F with possibly a small amount of NO F. If a g l a s s  r a t h e r  
3 
than metal t r a p  was used, N 0 NO2, and (NO ) SiF were formed a s  addi- 
2 3' 2 2  6 
t i o n a l  products i n  small q u a n t i t i e s .  
The mass spect ra  and appearance p o t e n t i a l s  of NO F were obtained 
2 
between -155 and -150'~. The presence of NO F, a s  ind ica ted  by t h e  mass 3 
peak m/e = 35 (OF+), was not observed u n t i l  t h e  temperature rose  above 
Fluor ine  N i t r a t e  (NO F) 3 
NO F was prepared i n  high y i e l d s  from KNO and F2. I n  a t y p i c a l  3 3 
run 10 grams of ICNO were d r i ed  a t  200 '~  f o r  two hours and pumped 
3 
overnight.  About 50 rnrnoles of F2 were then pumped over t h e  bed of KNO- 
a t  a r a t e  of 0.3-0.5 mmoles/min. Products were condensed a t  -183'~. 
Mass spectrometric analys is  indica ted  t h e  condensed mater ia l  t o  
be almost e n t i r e l y  NO F. The mass spect ra  and appearance p o t e n t i a l s  of 
3 
NO F were obtained from -145' t o  - 1 4 0 ~ ~ .  3 
Nitrosodifluoramine (ONNF*) 
Several methods were used i n  attempting t o  prepare and i d e n t i f y  
ONNF2. I n  one method a 10/1 mixture of N O / N ~ F ~  was pumped a t  1 mrnole/ 
min. through an 11 foot  long, 1/4 i n .  O.D. copper c o i l  heated t o  1 3 0 ~ ~ .  
Purple, red-brown, and white so l ids  were condensed i n  a g lass  t r a p  a t  
-196'~. Mass spectrometric analys is  with a room temperature i n l e t  showed 
only NO and N2F4 a s  products. 
I n  another experiment a 10/1 mixture of  NO/N F was passed a t  
2 4 
0 . 5  mmoles/min. through an 11 foo t  long, 1/4 i n .  O.D. copper c o i l  a t  200 '~  
and condensed a t  -196Oc. The t r ap ,  i n  which a dark purple s o l i d  col lec ted ,  
was not pumped during t h e  react ion.  As soon a s  the pump-out valve w a s  
opened, t h e  dark purple substance "popped," o r  exploded midly. A s  a r e -  
s u l t ,  t h e  purple color disappeared leaving only a red-brown substance on 
t h e  r e a c t o r  walls .  No warm-up and analys is  were made s ince  it was erron- 
eously thought t h a t  t h e  red-brown color was due t o  N F 
2 4'  
I n  a t h i r d  experiment, 30 m o l e s  of a 5/1 mixture of N O / N ~ F ~  were 
passed a t  0 . 5  mmoles/rnin. through an rf discharge ( p l a t e  current  90-100 
mamps dc). The react ion products were pumped through a g lass  t r a p  a t  
-196Oc, whereby white, blue, and red-brown s o l i d s  were col lec ted .  Un- 
reacted  NO was pumped away a t  -183'~. The control led  warm-up and mass 
spectrometric analysis  was begun a t  -155'~. A t  t h i s  temperature t he  
small amount of red-brown substance quickly disappeared. The remaining 
products were mostly unreacted NO and N F and small amounts of N20, 
2 4 
N02F, N 0 NO2, and possibly some ONF. 
2 3' 
ONNF2 was successfully prepared and i den t i f i ed  i n  the  glass  cap- 
i l l a r y  furnace of Figure 4.  I n  a t yp i ca l  run 90 mmoles of a 1011 mix- 
t u r e  of N O / N ~ F ~  were pumped a t  1-3 rnmoles/min. through t h e  cap i l l a ry  
heated t o  310'~ followed by a f a s t  quench a t  -196Oc, whereby dark purple 
and white so l ids  were condensed. Excess NO was pumped away a t  -183Oc, 
leaving t he  dark purple substance on t he  walls. Warm-up and analysis  
using t he  cold i n l e t  system was begun a t  -161'~. Mass spectra of ONNF2 
were obtained from -153 t o  -148'~. The spectra were occassionally 
corrected f o r  t r a ce  amounts of N2F4, assuming t h a t  a l l  of m/e = 85 ( N ~ F ~ ' )  
was from N2F4. Conversion of the  N2F4 t o  O W 2  was roughly estimated a t  
90-95 percent. 
The above procedure f o r  the  preparation of Om2 was repeated fo r  
t he  purpose of checking t he  necessi ty of t he  cold i n l e t  system of the  
mass spectrometer. The usual dark purple substance was condensed a t  
-196'~. However, upon admitting t he  reaction products a t  about - 1 5 0 ~ ~  
in to  the mass spectrometer using the  room temperature i n l e t  system, only 
t h e  decomposition products (NO and N F ) were observed. 
2 4 
Trifluoramine Oxide ( 0 ~ ~ )  
It was mentioned e a r l i e r  t h a t  ONF was prepared i n  t r a c e  amounts 
3 
i n  the react ion of NO and F2 t o  form ONF. Several attempts were made 
t o  increase the  y i e ld  of ONF from t h i s  reaction.  Increasing t he  F /NO 
3 2 
r a t i o  up t o  311 and varying t he  flow r a t e  from 1 t o  26 mmoles/min. had 
very l i t t l e  a f f ec t .  Passing t h e  NO and F2 under s imilar  conditions through 
an 11 foot  long, 1/4 i n .  O.D. copper c o i l  heated t o  1 6 0 ' ~  gave only a 
s l i gh t l y  higher y i e ld  of ONF . In  a s l i g h t l y  modified approach ONF was 
3 
prepared i n  the  usual manner and then evaporated i n to  an 800 cc s ta in-  
l e s s  s t e e l  storage vessel .  Ar and F were added t o  a pressure of 1 atm 
2 
and i n  a r a t i o  of O N F / F ~ / A ~  of 1/1/1. The mixture was heated t o  2 0 0 ~ ~  f o r  
45 minutes and then condensed a t  -196'~. No appreciable increase i n  t h e  
ONF y ie ld  was observed. 
3 
An rf discharge of O2 pumped over so l i d  NF a t  -196'~ produced no 3 
react ion.  The p l a t e  current  was varied up t o  200 mamps dc. An r f  d is-  
charge of a 1/1/2 mixture of OF@ / ~ e  was ca r r ied  out a t  0 . 1  mmoles/min. 
3 
and 60-100 mamps dc p l a t e  current .  Pro& c t s  were trapped a t  -196'~. 
Very l i t t l e  react ion occurred. The products consisted of mostly S i F  4. ' 
N20, N2, and 02. 
Several e l e c t r i c  discharge experiments of 0 and ITF were performed. 2 3 
In  t h e  glass  reactor  of Figure 1, a 211 mixture of NF /O was discharged 
3 2 
a t  1-15 t o r r ,  20-80 mamps ac, and 750-1000 vo l t s .  The products obtained 
were mostly 0 F with smaller amounts of ONF N02F, ONF, and ( N O ~ ) ~ S ~ F  
2 2 3 ' 6 ' 
The use of higher currents (60-80 mamps) caused s l i gh t  vaporization of t h e  
Cu electrodes without any noticeable change i n  the  product y ie ld .  An 
e l e c t r i c  discharge of a 111 mixture of 0 /NF was a l so  performed i n  t h e  
2 3 
metal reactor  of Figure 2 a t  -183'~. Reaction conditions were 2-10 t o r r ,  
20-30 mamps, and 500-1000 vo l t s .  Once again t he  major product was 0 F 
2 2 
with small amounts of NOF, ONF, andONF The estimated y i e l d o f  Om 
2 3' 3 
i n  these  discharge experiments was l e s s  than 5 percent. 
The highest y ie lds  of ONF (about 20-40 percent)  were obtained by 
3 
the  e l e c t r i c  discharge of a 11112 mixture of OF /NF / ~ r  a t  - 1 8 3 O ~  i n  
2 3 
the g lass  r e a c t o r  of Figure 1. I n  a t y p i c a l  experiment 60 rnmoles of 
r e a c t a n t s  were slowly pumped through the  discharge region a t  1-4mmoles/ 
min. The reac to r  pressure was estimated a t  s l i g h t l y  g rea te r  than 1 
t o r r .  The discharge occurred a t  30-40 marnps and 900-1100 v o l t s  ac.  
Both ONE' and 0 F were obtained i n  high y i e l d s  along with a much 
3 2 2 
smaller amount of N02F, ONF, and (NO ) S i F 6  I n  a s imi lar  experiment 
2 2 
using a lower discharge cur ren t  of 5-10 mamps, no OW and only 02F2, 3 
NO F ,  O F F ,  and (NO ) SiF  were produced. 
2 2 2  6 
The mass spect ra  and appearance p o t e n t i a l s  of OW were obtained 
3 
a t  about -165'~. A g r e a t  amount of d i f f i c u l t y  was encountered i n  
t ry ing  t o  maintain t h i s  temperature i n  the  c ryos ta t  due t o  the  high 
v i s c o s i t y  of the  r e f r i g e r a n t  mixture near i t s  f reez ing point  ( -168O~) .  
Reactions With Dioxygen Difluoride (0 F ) 
2 2 
The prepara t ion  and charac te r i za t ion  of the  oxygen f l u o r i d e s  
02F2, 03F2, and 0 F have been discussed extensively106y79, Doubt s t i l l  4 2 
0 
remains whether 0 F a dark red l i q u i d  a t  -196 C ,  e x i s t s  a s  a molecular 
3 2, 
e n t i t y ,  o r  whether i t  i s  a mixture of 04F2, a reddish brown s o l i d  a t  
0 
-196 C ,  and 02F2, a yellow-orange s o l i d  a t  -196'~. 
No d i f f i c u l t i e s  were encountered i n  preparing the  orange s o l i d ,  
02F2, by the  u s u a l  e l e c t r i c  discharge of F (o r  OF ) and 0 a t  -183'~. 
2 2 2 
This orange substance l i b e r a t e d  O2 between -165 and -150'~ before turning 
t o  a pure yellow substance which exhibi ted  t h e  mass spectrum of 0 F a t  
2 2 
-140 t o  -135'~. The yellow color  did not change when the  r e a c t o r w a s  
0 
cooled back down t o  -196 C.  The spectrum obtained f o r  02F2 a t  - 1 4 0 ~ ~  
using t h e  cold i n l e t  system i s  shown i n  Appendix D. 
These experiments suggest t h a t  0 F i s  a c tua l l y  pure yellow (not  
2 2 
orange), and t h a t  t he  degree of redness i s  due t o  t h e  amount of 0 F 
4 2 
dissolved i n  it. No mass spectrometric evidence f o r  0 F was obtained 
4 2  
i n  t h i s  work other than the  l a rge  0 l i be r a t i on  from -165 t o  -150'~ 
2 
mentioned above.  h he l i t e r a t u r e  a l so  contains no mass spectrometric data 
on 04F ) .  A l l  t h e  following react ions  of 02F2, however, involve t h i s  
2 
yellow-orange substance, unless otherwise s ta ted .  For matters  of simplic- 
i t y ,  t h i s  w i l l  be r e f e r r ed  t o  as  0 F and not a mixture of 0 F and 0 F 
2 2 2 2 4 2 
(o r  0 F and "0 F " ) .  
2 2 3 2 
02F* + NO 
The react ion of 02F2 with NO was studied with the  hope of pre- 
paring the  unknown compownds FO NO o r  FONO. 
2 
Several experiments were performed i n  combining 0 F and NO. I n  
2 2  
a t yp i ca l  run 36 mmoles of a 1/1 mixture of 0 /F were discharged a t  
2 2 
-183'~ i n  the  reactor  of Figure 1. Reaction conditions were 5-20 t o r r ,  
20 mamps and 500-1500 v o l t s  ac. NO was then slowly condensed onto t h e  
0 F a t  -183'~. A b r igh t  blue so l i d  (N2o3)  appeared on t he  reactor  walls .  
2 2 
Warm-up and ana lys i s  with t he  cold i n l e t  system showed unreacted 0 F 
2 2 
along with N02F, OW, N203, and ( N O ~ ) ~ S ~ F ~ .  
I n  a separate experiment t he  above procedure was repeated. Further- 
more, the  discharge was run a t  10 mamps f o r  several  minutes a t  both -183 
snd -155O~ a f t e r  t he  NO had been added. Besides the  production of N 
2 
and 0 from t h e  exci ted  NO, no addi t ional  products were observed other  
2 
than those l i s t e d  above. 
The reac t ion  of 0 F with NO was s tudied with the  hope of pre-  
2 2 2 
paring F02N02. 
02Fp was prepared by t h e  e l e c t r i c  discharge ( ~ i g u r e  1) of 62 rnrnoles 
0 
of a 111 0 /F mixture a t  -183 C, 10-20 t o r r ,  15-20 mamps, and 750 v o l t s  
2 2 
0 
ac. Forty mmoles of NO2 were pumped i n t o  t h e  reac to r  a t  -183 C a t  1 . 3  
mmoles/min. The r e s u l t i n g  condensed substance appeared t o  be mostly 
white s o l i d  with red-orange s t reaks  and a small r i n g  of blue-green material  
( ~ ~ 0 ~ ~ ~ 0 ~ ) .  Analysis using t h e  cold i n l e t  showed the  products t o  be un- 
reacted  02F2 and NO2 p lus  NO F, ONF, N 0 and ( N O ~ ) ~ S ~ F  i n  f a i r l y  high 
2 2 3' 6 
y i e l d s  . 
OaF2 + N2F4 
The reac t ion  of 02F2 with N2F4 was s tudied with t h e  hope of pre-  
par ing t h e  unknown species FO NF or  FONF2. 2' 2 
0 F was prepared by discharging (Figure 1) 70 mmoles of a 111 
2 2 
mixture of o ~ / F ~  a t  -183O~, 10-30 t o r r ,  and 20-40 mamps. N2Fq was added 
up t o  severa l  t o r r  t o  t h e  reac to r  containing the  02F2 a t  -155'~. No 
ind ica t ion  of a spontaneous reac t ion  was evident, i . e . ,  no change i n  
pressure  o r  i n  color of condensed mater ia l .  The discharge was turned 
on (20-30 mamps) and the  reac to r  pressure  immediately increased t o  30-50 
t o r r .  The v o l a t i l e  products a t  t h i s  temperature were NF3, F2, N2, and 0 . 
2 
These were pumped away and the  discharge process repeated severa l  times. 
A l l  of t h e  0 F eventually reacted  o r  decomposed. Analysis of t h e  
2 2 
0 
products condensed a t  -155 C showed only l a r g e  q u a n t i t i e s  of SiF and 4 
NO2. 
In  another experiment t h e  02F2 was prepared a s  usual  and then 
transferred t o  a  second t r a p  so t h a t  the  discharge e lec t rodes  could be 
removed and t h e  g l a s s  c a p i l l a r y  furnace ( ~ i g u r e  4 )  i n s t a l l e d .  After  t h e  
02F2 was t r a n s f e r r e d  back t o  the  r eac to r ,  only a small amount of  yellow 
02F2 remained. An 8/1 mixture of A ~ / N ~ F ~  was then pumped a t  1.5-2.0 
rnmoles/min. through the  furnace a t  310'~ and then condensed onto the  
02F2 a t  -196'~. Analysis of t h e  products showed almost e n t i r e l y  un- 
r eac ted  02F2 and N F 
2 4 '  
O2F2 + 
The reac t ion  of 02F2 with NH was s tudied  with t h e  hope of pre-  3 
par ing  compounds of t h e  type N ( O ~ F )  F o r  N(OF) F where a + b = 3. 
a b  a b  
02F2 was reac ted  with NH3 i n  two separa te  experiments. I n  t h e  
fi r s t  02F2 was prepared a s  usual a t  -183'~. A 5/1 A ~ / N H  mixture was 
3 
then slowly added t o  t h e  r eac to r  u n t i l  t h e  pressure  increased t o  20-50 
t o r r .  The v o l a t i l e  A r  was pumped away and more A ~ / N H  mixture added. 
3 
An occassional  dim "flash" accompanied the  addi t ion  of t h e  NH3. W a r m -  
up and ana lys i s  showed unreacted 0 F along with SiF HI?, and NO2. 2  2 4' 
I n  t h e  second experiment a  5/1 mixture of H ~ / W  was pumped con- 
3 
t inuously  through the  r e a c t o r  containing t h e  condensed 0 F f i r s t  a t  
2 2' 
-196' and then a t  -183'~. No "flashes" were observed during t h e  addi- 
t i o n  of t h e  NH However, t h e  r eac t ion  products were t h e  same a s  above. 
3 ' 
An inves t iga t ion  was made i n t o  t h e  poss ib le  use of CF C 1  a s  a  
3 
solvent  f o r  NH i n  con t ro l l ing  t h e  r eac t ion  of NK and 02F2. CF C l  
3 3 3 
and lVH were mixed and allowed t o  stand a t  2 5 O ~ .  A spectrum of t h e  mix- 
3 
t u r e  showed t h a t  no r e a c t i o n  had taken place.  CF C 1  was then condensed 
3 
above NH i n  a  g lass  t r a p  a t  -196'~. A t  -145 '~  the  CF C 1  was allowed 
3 3 
t o  melt t o  the  bottom of t h e  t r ap ,  but a  l a r g e  amount of s o l i d  (NH ) 
3 
s t i l l  remained on t h e  walls .  I n  another experiment a mixture of NH 
3 
and CF C 1  was frozen i n t o  a  t r a p  a t  -196'~. The CF C 1  was allowed t o  
3 3 
melt t o  t h e  bottom a t  - 1 4 0 ~ ~  leaving t h e  white s o l i d  NH on t h e  wal ls  
3 
once again. It was thus concludedthat  NH i s  only s l i g h t l y  soluable a t  
3 
bes t  i n  CF C 1 .  
3 
Reactions With Tetrafluorohydrazine (N F ) 
2 4 
The reac t ion  of ni trogen dioxide with tetrafluorohydrazine was 
s tudied with t h e  hope of preparing ni trodif luoramine (0 PJNF ) .  
2 2 
A mixture of NO and N F was found t o  be chemically unstable as 
2 2 4 
follows. A 2.511 mixture of NO / N  F was added t o  an 800 cc s t a i n l e s s  
2 2 4  
s t e e l  v e s s e l  t o  a  pressure  of 10 ps ia .  A mass spectrum of t h i s  mixture 
a t  2 5 ' ~  showed t h a t  a l l  t h e  N F  had been converted t o  NF Further 
2 4 3 ' 
ana lys i s  of t h e  mixture was not made. Other products were probably ONF 
8 
and NO F, a s  repor ted  ins t h e  l i t e r a t u r e  . 2 
Direct evidence f o r  the  existence of t h e  new compound 0  N I T  was 
2 2 
obtained by reac t ing  NO2 with NF2 r a d i c a l s  from t h e  c a p i l l a r y  furnace 
of Figure 4. The i n s t a b i l i t y  of t h e  NO /N F  mixture el iminated t h e  
2 2 4  
p o s s i b i l i t y  of preparing 0  NNF by exact ly  t h e  same method a s  f o r  ONNF 
2 2  2' 
i . e . ,  by pass ing t h e  e n t i r e  mixture through t h e  c a p i l l a r y  furnace. How- 
ever, i n  t h i s  procedure t h e  NO was passed around t h e  outside of t h e  
2 
furnace.  I n  a t y p i c a l  experiment 23 m o l e s  of  a  3/1 mixture of A ~ / N  F 
2 4  
were passed a t  0.15-0.25 moles/min. through the  hot c a p i l l a r y  a t  310 '~  
while 10 mmoles of NO were passed a t  0.08-0.12 mmoles/min. around the  
2 
outside of t h e  furnace. Reaction products were quenched immediately a t  
0 
-196 C .  The condensed products contained a small r ing  of dark purple 
so l i d  (ONNF ) and a l a rge  amount of white so l i d  with a l i g h t  blue t i n t .  
2 
Mass spectrometric analysis  of t he  reaction products using the  
cold i n l e t  system was begun a t  - 1 6 0 ~ ~ .  A small amount of O m  was ob- 
2 
0 
served and completely pumped away a t  -140 C. The mass spectra and appear- 
ance po ten t ia l s  a t t r i bu t ed  t o  t h e  new compound 0 NNF were obtained over 
2 2 
t h e  range -135 t o  1 3 0 ~ ~ .  Corrections i n  the  spectra were made f o r  small 
+ 
amounts of N F assuming t ha t  a l l  of m/e = 85 ( N ~ F ~  ) was from N ~ F V  
2 4 
Other products observed were N203 ( l i g h t  blue so l id )  and unreacted N2F4 
and NO The y i e ld  of 0 NNF i s  roughly estimated a t  50-75 percent. 
2' 2 2 
Analysis of t h e  condensed 02NNF a t  -140 t o  125 '~  using t h e  room tempera- 
2 
t u r e  i n l e t  system showed only the  decomposition products NO2 and N2F4. 
Experiments were conducted t o  check i f  t he  mass peak a t  m/e = 46 
+   NO^ ) i n  t he  spectrum of 02NNF could be coming from molecular NO2 or 
2 
0 
N 0 In one experiment NO was condensed i n t o  a g lass  t r ap  a t  -157 C. 
2 3' 2 
Mostly white so l i d  with a s l i gh t  blue-green t i n t  (due t o  N 0 ) was ob- 
2 3 
0 
tained.  ~ 0 ~ '  f i r s t  appeared i n  the  mass spectra a t  -105 C as a small 
f r ac t i on  of t he  NO' peak due t o  N 0 A t  -75% the  small amount of N 0 
2 3 '  2 3 
was pumped away and t he  spectrum of NO2 became increasingly stronger. 
In  another experiment a 111 mixture of NO/NO was condensed i n  a g lass  
2 
t r ap  a t  -196Oc, leaving an in tensely  blue s o l i d  (N 0 ) near t h e  top of 
2 3 
t h e  t r ap  and a white so l id  with a blue-green t i n t  near t he  bottom. Ex- 
cess NO was pumped away a t  -183'~ and t he  spectra of the  condensed pro- 
+ 
ducts observed from -163 t o  -30'~. NOp from N 0 was f i r s t  observed 
2 3  
a t  - 1 0 4 ~ ~ .  A l l  t h e  N203 was pumped away a t  -86'~. The spect ra  of t h e  
remaining NO2 was observed and recorded from -76 t o  -30°c. These two 
+ 
experiments on NO and N203 prove t h a t  NO2 can not be coming from 
2 
e i t h e r  molecular NO2 o r  N 0 a t  - 1 3 5 ~ ~ .  The vapor pressure  da ta  f o r  
2 3  
N203 and ~0~~~~ suggest t h i s  same r e s u l t  ( see  Table 43) .  
N2Fk + 02 
The reac t ion  of N2F4 and O2 was s tudied  with t h e  hope of prepar-  
ing  02NF2 o r  F2N02NF2. 
N F and 0 were reac ted  i n  t h e  g lass  c a p i l l a r y  furnace of Figure 2 4 2 
4.  I n  a t y p i c a l  experiment 85 rnmoles of  a 9/1 mixture of o ~ / N ~ F ~  were 
passed a t  1.0-1.5 rnmoles/min. through the  furnace a t  310'~. Products 
were immediately trapped a t  -196'~. A t  t h e  end of t h e  experiment a 
small amount of  white s o l i d  with a l i g h t  purple  r i n g  had co l l ec ted  i n  
t h e  t r a p .  Analysis of t h e  products  showed mostly N2F4 (with t h e  usual  
impur i t ies  NF3 and N2F2 contained i n  N ~ F ~ )  and very small amounts of 
ONNF2 and 02NNF2. 
The p u r i t y  of t h e  O2 r eac tan t  gas was checked by pumping 35 rnmoles 
of O2 through t h e  t r a p  a t  -196'~. After  t h e  t r a p  was warmed t o  25O~,  a 
small amount of NO was observed i n  t h e  spectrum. It i s  probable t h a t  
2 
t h e  t r a c e  amounts of O m 2  and 02NNF2 were formed from t h e  presence of 
NO i n  t h e  0 feed  gas. I f  t h i s  i s  so, then 0 does not r e a c t  with NF2 
2 2 2 
r a d i c a l s  a t  3 1 0 ~ ~ .  
N2F4 + '3 
The reac t ion  of N2F4 and 0 was s tudied  with t h e  hope of preparing 
3 
02NF2, F2N02NF2, o r  F2NONF2. 
Ozone was prepared by pass ing  O 2  through a Welsbach Model #T-23 
ozonator a t  4-5 p s i g ,  100 v o l t s  ac and flow r a t e s  of 0.010-0.020 S.C.F.M. 
The r e s u l t i n g  0 -0 mixture was then  passed through a cold t r a p  a t  - 9 0 ' ~  
2 3 
t o  remove any NO2 and then  t h r o t t l e d  i n t o  a g l a s s  r e a c t o r  ( ~ i g u r e  4 )  a t  
-196Oc where t h e  O3 condensed and t h e  O2 was pumped away. 
About 1-2  m l  of t h e  dark b lue  l i q u i d  ozone was prepared i n  t h e  
above manner and allowed t o  flow t o  t h e  bottom of t h e  g l a s s  r e a c t o r  a t  
-196'~. About 60 m o l e s  of a 6 /1  mixture of A ~ / N  F mixture was passed 
2 4  
a t  2 moles /min .  through t h e  g l a s s  furnace a t  3 1 0 ' ~  and i n t o  t h e  r e a c t o r  
containing t h e  O3 a t  -196°~.  A t  completion of t h e  r e a c t i o n  a small 
amount of 0 was s t i l l  v i s i b l e  along with a l i g h t  pu rp le  colored substance. 3 
Mass spec t rometr ic  a n a l y s i s  i nd ica t ed  t h e  condensed products  t o  be mostly 
unreacted N F and 0 wi th  small amounts of ONF ONNF2, 02NNF2, ONF, N03F, 
2 4 3 3' 
and poss ib ly  some N02F. An attempted repea t  of t h e  above experiment t o  
ob ta in  a more p o s i t i v e  i d e n t i f i c a t i o n  of t h e  r eac t ion  products  r e s u l t e d  
i n  a v i o l e n t  explosion when t h e  N F / ~ r  mixbure was i n i t i a l l y  added t o  
2 4 
t h e  condensed ozone a t  -196Oc. Therefore, f u r t h e r  i n v e s t i g a t i o n  of t h e  
gas - l iqu id  r e a c t i o n  of H2F4 and 0 was abandoned due t o  t h e  inhe ren t  danger 
3 
of t h e  r e a c t i o n  system. 
I n  another  experiment, t h e  r e a c t i o n  of N F with 0 i n  t h e  gas 
2 4 3 
phase was s tudied .  A 711 A ~ / N ~ F ~  mixture was passed through t h e  cap- 
i l l a r y  furnace  a t  3 1 0 ' ~  a t  about 4 mmoles/min. The 0 -0 mixture from 
2 3 
t h e  ozonator was simultaneously passed around t h e  ou t s ide  of t h e  furnace  
and contac ted  wi th  t h e  N ~ F ~ / A I -  mixture a t  t h e  e x i t  of t h e  c a p i l l a r y .  
Products were immediately quenched a t  -196'~. The N F /O r a t i o  was 
2 4  3 
roughly est imated a t  1/1. The condensed products  contained a s l i g h t  
purple  color ,  but  t h e  dark blue color  of ozone was not observed. The 
mass spectrometric  ana lys i s  of condensed products showed almost a l l  N F 
2 4 
with t r a c e  amounts of ONNF2, 02NNF2, and NO2. FJVidently, t h e  0 decom- 
3 
posed t o  O2 and was pumped away a t  -196'~. A blank experiment showed t h a t  
0 did survive t h e  pyro lys i s  incurred along the  outs ide  of t h e  furnace 
3 
i n  t h e  absence of t h e  N ~ F ~ / A ~  mixture. 
I n  an e a r l i e r  sec t ion  on t h e  prepara t ion  of ONNF it was mentioned 
2 
t h a t  an un iden t i f i ed  red-brown substance was observed e i t h e r  by pass ing 
a mixture of NO/N F through a copper c o i l  a t  150-200'~ o r  by an r f  d i s -  
2 4 
charge of NO and N2F4. This r eac t ion  of  NO and N F was s tudied  f u r t h e r  
2 4 
with t h e  hope of iden t i fy ing  t h i s  red-brown substance. 
I n  a  t y p i c a l  experiment, 30 rnmoles of a  511 mixture of NO and 
N2F4 were condensed d i r e c t l y  i n t o  a g lass  r eac to r  a t  -196'~. The con- 
densed mate r i a l  appeared t o  be mostly white with small amounts of red- 
brown and purple solids. Excess NO was pumped away a t  -183O~, t h e  red- 
brown mate r i a l  s t i l l  remaining. Af ter  t h e  l i q u i d  O2 dewar (-183'~) was 
replaced with r e f r i g e r a n t  a t  - 1 6 8 O ~ ,  t h e  r e d  brown mate r i a l  quickly d i s -  
appeared. However, t h e  mass spectrometer with t h e  cold  i n l e t  ind ica ted  
only a small l i b e r a t i o n  of  NO and N F with t r a c e  amounts of NF3 and N2F2 
2 4  
( t h e  usual  impur i t ies  of N~F~). Further  warm-up showed mostly N2F4 and 
a small amount of  ONNF2. No mass spectrometric evidence was obtained 
which could poss ib ly  be a t t r i b u t e d  t o  t h e  unknown red-brown substance i n  
question. 
Reaction of NF3 With F2 
An attempt was made t o  prepare t h e  compounds ID' or  F NNF by an 5 3 3 
e l e c t r i c  discharge of NF and F a t  -183O~. 3 2 
Sixty mmoles of a 21111 mixture of Ar/ y2 were passed contin- 
uously a t  1.0-2.5 mmoles/min. , 20-30 mamps, and 900-1000 vo l t s  ac through 
t he  reactor  i n  Figure 1. Only a small amount of yellow so l i d  was condensed 
a t  -183'~. Analysis indicated only a very small amount of 02F2 and N20 
had been prepared, probably from the  contamination of t he  feed gas with 
t r ace  amounts of 02. 
Summary and Discussion of Reactions Studied 
The f i v e  previously known N-0-F compounds were prepared by methods 
similar  t o  those published i n  t he  l i t e r a t u r e .  These preparations a r e  
summarized i n  Table 6. Nitrosyl  f luor ide  (ONF), n i t r y l  f luor ide  ( N O ~ F ) ,  
and f luor ine  n i t r a t e  (NO F)  were prepared by the exothermic react ions  of 
3 
f luor ine  gas with n i t r i c  oxide, sodium n i t r i t e ,  and potassium n i t r a t e ,  
respectively.  Nitrosodifluoramine ( o ~ ~ ~ )  was prepared by the  pyrolysis  
of n i t r i c  oxide and tetrafluorohydrazine a t  310'~ followed by a f a s t  
quench a t  -196'~. Trifluoramine oxide (ONF ) was most eas i ly  prepared 
3 
by an e l e c t r i c  discharge of NF3 and OF2 a t  -183 o r  -196'~. 
The r e s u l t s  of t h e  reactions of 02F2 with NO, NO2, N2Q, and NH 
3 
are  summarized i n  Table 7. These r e s u l t s  were ra ther  disappointing 
since no new compounds containing 02F or  OF rad ica l s  were observed. I n  
f a c t ,  i n  the  four react ions  studied, 0 F always acted a s  a simple f luor -  
2 2 
ina t ing  agent. A l l  of these  reactions,  except 02F2 with N2F4, proceeded 









t h a t  t r ans f e r  of t he  02F o r  OF r ad i ca l  i s  jus t  not f ea s ib l e  under these  
conditions due t o  t h e  high heat re lease  during react ion.  As mentioned 
i n  the  Introduction, Solomon and c o w 0 r k e r s ~ ~ - 7 ~  used 0 F a s  a source of 2 2 
02F rad ica l s ,  but t h e i r  reactions were ca r r ied  out i n  i n e r t  solvents 
which could read i ly  absorb any heat released during react ion.  
The r e s u l t s  of the  reactions of N2F4 with NO2, 02, 03, and NO 
a re  summarized i n  Table 8. The room tenrperature addit ion of NO2 t o  
N2F4 caused decomposition t o  NF3 and other s tab le  products. However, 
t h e  pyrolysis  of N F a t  310'~ t o  form NF2 rad ica l s  and t he  subsequent 2 4 
addit ion of NO2 with a f a s t  quench a t  -196'~ resu l ted  i n  t h e  formation 
of t he  new compound nitrodifluoramine (o2NNF2). m e  pyrolysis  of N2F4 
and O2 a t  310 '~  produced no react ion.  The pyrolysis  of N2F4 with sub- 
sequent quenching on a t h i n  f i l m  of 0 a t  -196'~ produced a vigorous re-  3 
act ion (once a violent  explosion) t o  form a l l  t h e  known N-0-F compounds. 
No evidence was found f o r  a compound of the  type 02NF2, F2NONF2, o r  
F2N02NF2 i n  t h i s  reaction.  The trapping a t  -196'~ of a room temperature 
mixture of N F and NO produced small amounts of red-brown and purple 
2 4 
so l ids .  !The purple substance was i den t i f i ed  a s  O W 2 .  However, t h e  red- 
brown substance decomposed between -183 and -168'~ before it could exert  
a su f f i c i en t l y  high vapor pressure t o  be detected i n  t h e  mass spectrometer. 
Since t h i s  unident i f ied  red-brown substance probably r e s u l t s  from t h e  
revers ible  react ion of NO with e i t he r  N2F4 o r  NF2 rad ica l s ,  then t h e  only 
l i k e l y  p o s s i b i l i t i e s  a r e  F2NONNF2 and ( o N N F ~ ) ~ .  On t h e  ba s i s  of t he  
Double Qpartet discussion i n  Appendix B, t h e  unident i f ied  red-brown sub- 
stance i s  a t t r i bu t ed  t o  F2NONNF2. 
The e l e c t r i c  discharge a t  -183'~ of NF with excess F produced no 
3 2 

r e a c t i o n .  No evidence was obtained which would suggest  t he  ex i s t ence  
of - the doubt fu l  compounds NF and F NNF 
5 3 3' 
Mass Spectra  
P o s i t i v e  Ions 
The p o s i t i v e  ion  mass spec t r a  of t h e  s i x  N-0-F compounds a r e  pre-  
sen ted  i n  Table 9. The temperature i n t e r v a l s  over which the  d a t a  were 
taken ,  which correspond t o  the observed vapor pressures  of 0.1-0.2 t o r r ,  
a r e  a l s o  g ive .  
I t  i s  evident  from Table 9 t h a t  fragments conta in ing  t h e  f l u o r i n e  
atom a r e  r e l u c t a n t  t o  r e l e a s e  an  e l ec t ron  t o  form a p o s i t i v e  ion .  I n  a l l  
+ + 
cases  t h e  major i o n  mass peak i s  e i t h e r  NO or  NO2 . Only i n  ONF 
3 ' 
+ 
where t h e  OW2 i n t e n s i t y  i s  75 percent ,  does t h e  i n t e n s i t y  o r  a  pos i -  
t i v e  i on  fragment conta in ing  F exceed 30 percent .  However, even i n  t h i s  
+ 
molecule t he  major peak i s  NO which resu l - t s  from the  rupture  of t h r e e  
bonds, which i s  very unusual f o r  a  major i on  fragment. Also, t h e  parent  
molecular ions do not  e x i s t  except f o r  t he  two compounds NO F and O W  2 3 ' 
which have very low i n t e n s i t i e s  of 1 . 5  and 0 .1  percent  r e s p e c t i v e l y .  
+ 
Although a l l  t h e  N-0-F compounds possess  l a r g e  NO peaks and a l l  
+ 
b u t  NO F  have somewhat smal le r  NF peaks, the  mass spectrum of each N-0-F 
3 
compound i s  unique, and i d e n t i f i c a t i o n  of each i s  s t r a igh t fo rward .  ONF 
i s  r e a d i l y  i d e n t i f i e d  i n  t he  absence of o the r  N-0-F compounds s i n c e  i t s  
i on  of h ighes t  rnass/charge i s  NF' (m/e = 3 3 ) .  N i t r y l  f l u o r i d e  and f l -uorine 
+ + 
n i t r a t e  have somewhat s i m i l a r  s p e c t r a ,  b u t  N02F has peaks a t  NF and N02F 
which NO F l acks ,  and NO F has a  peak a t  OF'  which a l l  t he  o the r  N-0-F com- 
3 3 
pounds l a c k .  Wifluoramine oxide i s  e a s i l y  d i s t i ngu i shed  by i t s  l a r g e  
Table 9. Pos i t ive  Ion Mass Spectra of N-O-F Compounds 
Relat ive I n t e n s i t y  @ 70 eV (%) 
m/e Ion ONF N02F NO 3F ONNF2 
02m2 
a Possibly due t o  impur i t ies  
b ~ o r r e s p o n d s  t o  observed vapor pressure of  0.1-0.2 t o r r  
+ 
peak a t  O W 2  . The s i m i l a r  spec t r a  of n i t r o s o -  and n i t r o - d i f l u o r a -  
+ 
mine d i f f e r  from t h e  o t h e r s  due t o  t h e i r  r e l a t i v e l y  high peaks a t  NF 
+ 
and TJF2 . They d i f f e r  from each o ther  i n  t h a t  02NJ!JF2 has i t s  l a r g e s t  
+ 
peak a t  NO2 which i s  completely absent  i n  ONNF2. 
One may a s k  why i s  t h e  l a s t  spectrum l i s t e d  i n  Table 9 a t t r i b u t e d  
t o  a  new compound, namely 0  m2. There a r e  two obvious p o s s i b i l i t i e s :  
2  
the spectrum i s  due e i t h e r  t o  a  new compound o r  t o  a  combination of known 
compounds. The l a t t e r  p o s s i b i l i t y  i s  r u l e d  o u t  i n  t he  fo l lowing  manner. 
The compound ONNF2 cannot be c o n t r i b u t i n g  t o  t h e  spectrum s i n c e  ONNF 
2 
i s  a  purp le  s o l i d  which i s  pumped away below -140O~, whereas the  sub- 
+ 
s t ance  i n  ques t ion  i s  a  white  s o l i d  a t  -130 t o  -135'~. The peak a t  NOp 
cannot be a r i s i n g  from NO F o r  NO F s i n c e  t h e r e  a r e  no a d d i t i o n a l  peaks 
2  3 
+ + + 
a t  N02F o r  OF . Furthermore, t he  NO2 peak cannot be a r i s i n g  from a n  
oxide of n i t rogen ,  namely NO (N 0 ) o r  N 0  s i n c e  the  vapor p re s su res  
2  2 4  2 3' 
0 of t h e s e  compounds a r e  exceedingly low a t  -130 C .  The f a c t  t h a t  t he  
spectrum i n  ques t ion  cannot b e  a t t r i b u t e d  t o  known compounds and t h e  
f a c t  t h a t  i t  unif  ormily increased  w i t h  inc reas ing  temperature and 
uni formi ly  decreased when the  substance was pumped away very s t rong ly  
sugges t  t h a t  t h e  spectrum i s  due t o  a  new compound. Since the  prepara-  
t i o n  of t h i s  compound involved t h e  combination of NO2 and NF2 r a d i c a l s ,  
s i n c e  t h e  mass spectrum sugges ts  t h a t  t h e  s t r u c t u r e  con ta ins  NO and NF2 
2  
groups, and s i n c e  a  s t a b l e  con f igu ra t ion  f o r  0  NNF2 can be drawn us ing  
2 
t h e  Double Q u a r t e t  Model ( s e e  Appendix B ) ,  i t  was concluded t h a t  t h i s  
new compound i s  very l i k e l y  n i t rodi f luoramine ,  02NNF2. The v o l a t i l i t y  
of 02NNF2 i s  s l i g h t l y  l e s s  than t h a t  of ONNF2 ( s e e  Table 1 1 ) .  This  i s  
reasonable s i n c e  they  a r e  s i m i l a r l y  s t r u c t u r e d  b u t  0  NNF has  a  s l i g h t l y  
2  2  
h ighe r  molecular weight due t o  an a d d i t i o n a l  oxygen atom. 
Negative Ions 
The approximate negat ive  ion  mass s p e c t r a  of  t h e  s i x  N-0-F com- 
pounds a r e  shown i n  Table 10. The F- ion  was the  predominate peak i n  
each s p e c t r a  except  f o r  NO - from NO F and ~ 0 ~ -  from 02NNF2. The OW' 
3 3 
ion was not  observed i n  t h e  spec t r a  of ONF o r  NO F ,  bu t  i t  d i d  appear  2 
i n  t h e  spectrum of OW No parent  molecular negat ive ions  were ob- 
3 ' - 
served .  The only  rearrangement i on  observed was F from ONF 
2 3 ' 
Estimation of V a ~ o r  P re s su res  
Vapor p re s su re  da t a  a r e  a v a i l a b l e  f o r  on ly  f o u r  of t h e  s i x  N-0-F 
compounds ( s e e  Table 3 ) .  Mass spec t rometr ic  da t a  obta ined  i n  t h i s  work 
provide an e s t ima te  of t h e  vapor pressures  f o r  t h e  remaining two com- 
pounds. As explained e a r l i e r ,  the  mass spec t r a  and appearance p o t e n t i a l  
0 
da ta  were obta ined  over  a 6 C range f o r  each compound where t h e  observed 
p re s su re  i n  t h e  r e a c t o r  conta in ing  t h e  p a r t i c u l a r  compouqd was 0.1-0.2 
t o r r .  These temperature ranges a r e  l i s t e d  i n  Table 11. For the four 
compounds ONF N02F, NO F ,  and ON. the q u a n t i t y  A i s  c a l c u l a t e d  where 3 ' 3 
A ("c) i s  def ined  a s  t h e  temperature a t  which the  vapor p re s su re  i s  known 
t o  b e  one t o r r  minus t h e  median of t h e  temperature range of t h e  observed 
vapor p re s su re  of 0.1-0.2 t o r r .  Table 11 shows t h a t  nave i s  9 . 1  cO, 
0 
w i t h  t h e  i n d i v i d u a l  A's ranging from 8 t o  10.5 C . This i s  an e x c e l l e n t  
agreement cons ider ing  t h e  technique used. For ONNF2 and 02NNF2, e s t ima te s  
were made of t h e  temperature a t  which the  vapor p re s su re  should be 1 .0  
t o r r  by adding A t o  the  app ropr i a t e  temperature range of t h e  observed 
a ve 
vapor p re s su re  of  0.1-0.2 t o r r .  The r e s u l t s  i n d i c a t e  t h a t  ON12 and 
Table 10. Negative Ion Mass Spec t ra  of N-0-F Compounds 
m/e Ion  
Relative I n t e n s i t y  (%) 
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0 JJNF have vapor p re s su res  of 1 . 0  t o r r  a t  -141 - 2 C and -123 2 2 OC,  
2 2 
r e s p e c t i v e l y .  
Appearance P o t e n t i a l s  and Molecular Energe t ics  
The b e s t  l i t e r a t u r e  values of h e a t s  of formation,  i o n i z a t i o n  
p o t e n t i a l s ,  and e l e c t r o n  a f f i n i t i e s  of N-0-F spec i e s  a r e  given i n  Tables 
19, 20 and 2 1  i n  Appendix A. These b e s t  values a r e  used i n  the  fo l low-  
i n g  p r e s e n t a t i o n  of t h e  molecular ene rge t i c s  of N-0-F compounds. 
N i t r o s y l  F l u o r i d e  (OW) 
The appearance p o t e n t i a l  da t a  f o r  ONF a r e  shown i n  Table 12.  The 
+ 
i o n i z a t i o n  e f f i c i e n c y  curve of  NO from ONF was of high i n t e n s i t y  and 
gave a very good match wi th  the  I E  curve of argon. The NF' I E  curve was 
of much lower i n t e n s i t y  and provided only  a f a i r  match wi th  the  A r  curve.  
+ 
The I E  curve f o r  F was of low i n t e n s i t y  and very  long- t a i l ed ,  which 
r e s u l t e d  i n  a poor match wi th  A r .  
The ion-source processes  a t t r i b u t e d  t o  the  measured appearance 
p o t e n t i a l s  a r e  a l s o  shown i n  Table 12 a long  w i t h  t h e  AP's c a l c u l a t e d  
from t h e  b e s t  l i t e r a t u r e  values l i s t e d  i n  Tables 19-21. The a t t r i b u t e d  
+ 
ion-source process  f o r  NO i s  
where 
Thus, A(NO+) = 0.94 + 0.69 - (-0.68)  + 9.25 - 3.45 = 8.11 e ~ .  This calc. 
i s  0.22 eV lower than  t h e  measured va lue  of 8.33 eV. 

+ 
For the  NF ion t h e  a t t r i bu t ed  process i s  
where 
+ 
ONF + e-NF + 0 + 26 
Thus, ~ ( m + ) ~ ~ ~ ~ .  = 14.88 + 2.58 - (-0.68) = 18.14 ev, which i s  0.25 ev 
lower than t he  measured value of 18.39 eV. 
For t he  F+ ion the  a t t r i bu t ed  process i s  
where 
Thus, A ( F + ) ~ ~ ~ ~ ~  = 0.69 + 0.94 - (-0.68) + 17.42 = 19.73 eV, which i s  
1.68 eV lower than t h e  measured value of 21.41 eV. 
For NO+ and @ t h e  experimental and calculated AP1s a r e  i n  f a i r l y  
good agreement (within 0.25 e ~ )  . For F', however, t he  deviation i s  1.68 
eV. This l a rge  discrepancy i s  a t t r i bu t ed  p a r t i a l l y  t o  t he  poor qua l i ty  
of t h e  EVD fit f o r  t he  I?+ I E  curve with argon and p a r t i a l l y  t o  t h e  pro- 
duction of a l a rge  amount of excess energy i n  Eq. 5 ,  which i s  expected 
from Stevenson's r u l e .  Since t he  data f o r  A(NO+) a r e  the  most r e l i a b l e ,  
t he  derived AHf(ONF) can be obtained a s  follows: 
Thus, AHf(ONF) = 0.94 + 0.69 + 9.25 - 3.45 - 8.33 = -0.90 2 0 . 1 0  eV. derived 
The above measured AP's a l s o  provide an estimate of t h e  lower 
l i m i t  of t h e  ionizat ion p o t e n t i a l  of ONF. Since t h e  parent  ion  ONF+ i s  
not observed i n  t h e  mass spectrometer, then t h e  bond d i s soc ia t ion  energy 
D(ON+ - F) must be l e s s  than zero. Now, D(ON+ - F) = AHf(~O) + I(NO) + 
A H ~ ( F ) -  AH~(ONF+) < 0 .  Therefore, mf(ow+) > 0.94 + 9.25 + 0.69 = 10.88 
+ 
eV. Using t h e  derived AHf(0IW) and t h e  f a c t  t h a t  1(0NF) = AHf(ONF ) - 
AH~(ONF) gives I(ONF) > 10.88 - (-0.90) = 11.78 eV. This may be com- 
pared with t h e  ionizat ion p o t e n t i a l  of t h e  i soe lec t ron ic  0 molecule, 3 
108 
which i s  12.80 eV . 
Nit ry l  Fluoride ( N O ~ F )  
The appearance p o t e n t i a l  data from t h e  NO F molecule a r e  shown 
2 
+ 
i n  Table 13. The I E  curve of t h e  molecular ion  N02F was of moderately 
low i n t e n s i t y ,  but t h e  EVD f i t  with argon was qu i t e  good. The I E  curve 
+ 
f o r  NO2 exhibi ted  a sharp break severa l  v o l t s  above t h e  threshold energy. 
+ 
The EvD f i t  f o r  t h e  lower AP of  NO^+, A ~ ( N O ~  ) was not good due t o  t h e  
low i n t e n s i t y  of t h e  I E  curve of NO2. However, a very good EVD f i t  was 
+ 
obtained f o r  t h e  higher AP, A * ( N O ~  ), by subtrac t ing t h e  contr ibut ion 
from t h e  lower energy process. Similarly,  the  I E  curves f o r  F+ and 0' 
exhibited breaks severa l  v o l t s  above onset ,  but  these  curves were of much 
lower i n t e n s i t y .  Consequently, t h e  poor qua l i ty  of t h e  f i r s t  and second 
+ 
AP's of F and 0' i s  r e f l e c t e d  i n  t h e  high average deviat ions obtained. 
The AP of NO+ was not measured due t o  t h e  constant ly  changing slope of 
+ 
t h e  I E  curve of NO near t h e  threshold  of ioniza t ion,  which suggested 
t h a t  severa l  competing ion source processes were occurring. 
The ion iza t ion  p o t e n t i a l  I(NO F) = 13.15 2 0.12 eV measured here  
2 
has not been previously reported.  

+ 
For NO2 t he  lower energy appearance po ten t ia l  i s  a t t r i bu t ed  t o  
the  process 
where 
= 0.34 + 0.69 + 11.0 - 3.45 - (-1.12) = 9.70 eV, 
which i s  0.57 lower than the  measured value of 10.27 eV. The higher 
4- 
energy AP of NO2 i s  a t t r i bu t ed  t o  the  process 
where 
n u s ,  A&NO ) = 0.34 + 0.69 + 11.0 - (-1.12) = 13.15 eV, which i s  
2 calc .  
0.34 eV lower than the  measured value of 13.49 eV. 
For F+ t h e  lower AP i s  a t t r i bu t ed  t o  
where 
n u s ,  = 0.69 + 0.34 + 17.42 - 3.99 - (-1.12) = 15.58 ev, 
calc.  
which i s  0.12 eV lower than t he  measured value of 15.70 eV. The process 
a t t r i bu t ed  t o  t h e  higher AP of F+ i s  
where 
Thus, A ~ ( F + ) ~ ~ ~ ~ .  = 0.69 + 0.34 + 17.42 - (-1.12) = 19.57 eV, which i s  
0.43 eV lower than t he  measured value of 20 .OO eV. 
For the  0' ion t he  lower energy process might poss ibly  involve t h e  
production of an ONF negative ion as  follows: 
where 
Since EA(0NF) i s  unknown, it i s  impossible t o  obtain A ( o ' ) ~ ~ ~ , .  . How- 
1 
ever, subst i tu t ion of A ~ ( o + ) , ~ ~ ~ ~ .  and t h e  appropriate l i t e r a t u r e  values 
into ~ q .  17 gives EA(ONF) = 2.58 + (-0.68) + 13.61 - (-1.12) - 14.06 = 
2.57 eV. This value of EA(ONF) may seem quite large  since most l a rge  
pos i t ive  e lect ron a f f i n i t i e s  involve molecules or  atoms containing an 
odd number of electrons,  such as t h e  monatomic halides,  NO, NO2, NO3, 
and NF2. However, 03, which i s  i soelect ronic  with ONF', has a s imi la r ly  
l a rge  pos i t ive  electron a f f i n i t y  of 2.88 ev1°9. Other molecules having 
an even number of electrons and a pos i t ive  electron a f f i n i t y  include SO2 
(2.8 ev),lo9 SeOe (2 .3  ev),lo9 andoe  (0.43 ev) l lO.  I n  AppendixB 
L inne t t ' s  Double Quartet Model i s  used t o  derive a s tab le  e lect ronic  
s t ruc ture  f o r  t he  ONF- ion, thus lending support t o  t he  existence of t h e  
ion-source process described by Eq. 16. However, some doubt i s  c a s t  on 
t h i s  process s ince  t h e  ONF- ion  was not observed i n  the  negative ion  
spect ra  of ONF o r  N02F, but  only i n  t h a t  of ONF3 ( see  Table 10) .  
The higher AP of 0' i s  a t t r i b u t e d  t o  
where 
+ 
Thus, A2(0 )talc = 2.58 + 0.94 + 0.69 + 13.61 = (-1.12) = 18.94 eV, 
which i s  0.64 eV lower than the measured value of 19.58 eV. 
Table 13 shows t h a t  t h e  experimental exceed t h e  ca lcula ted  AP's 
by 0.1-0.6 eV. However, t h e  most r e l i a b l e  data a r e  A(No$+) and A2(No2+), 
which exhibi ted  good EVD f i t s  with argon and low average deviat ions.  
According t o  Stevenson's r u l e  a minimal amount of excess energy i s  ex- 
pected i n  t h e  ion-source processes corresponding t o  these  two measurements. 
Thus, P H ~ ( N O ~ F )  can be ca lcula ted  from Eq. 11 and A ~ ( N o ~ + ) ~ ~ ~ ~ ~ .  accord- 
ingly:  13.49 = 0.34 + 0.69 + 11.0 - AHf ( N O ~ F ) ~ ~ ~ ~ ~ ~ ~ ;  and thus  
%'(No~F) derived 
= -1.46 2 0.12 eV. Subst i tu t ion  i n t o  Eq. 17 of t h i s  
value and t h e  ~ ( O N F )  of -0.90 eV from t h e  previous sec t ion  re- 
ca lcu la tes  the  e lec t ron a f f i n i t y  of ONF as  follows: 14  -06 = 2.58 + (-0.90) 
+ 13.61 - EA(ONF) - (-1.46); and EA(ONF) = 2.69 eV with a devia t ion  of 
2 
[ ( . ~ ? 8 ) ~  + + (.12) eV, o r  2.69 !: 0.32 eV. 
The bond dissocia t ion  energy D(No~+-F) corresponds t o  t h e  hea t  of 
r eac t ion  of 
Therefore, D(No~+-F) = A , ( N O ~ + )  - I (NO~F)  = 13.49 - 13.15 = 0.34 eV with 
a deviat ion of . ~ 2 ) ~  + ( .12)*$ e ~ ;  o r  D ( N o ~ + - F ) ~ ~ ~ ~ ~ ~ ~  - 0.34 2 0.17 
eV.  The value of D(NO~+-F)  should, i n  f a c t ,  be p o s i t i v e  since t h e  N O ~ F +  
parent ion i s  observable i n  t h e  mass spectrometer. 
Since EA(oNF) i s  now known, D(OW-F-) can be estimated from 
where 
Thus, D(ON-F-) = 0.94 + 0.69 - 3.45 + 0.90 + 2.69 = 1.77 eV with a devia- 
t i o n  of [ ( .10l2  + (.32)2?*; or  D(ON-F-) = 1.77 2 0.34 eV. This p o s i t i v e  
value f o r  D(ON-F-) i s  another f a c t  supporting t h e  s t a b i l i t y  of t h e  ONF- 
ion .  
F luor ine  N i t r a t e  (NO F) 3 
The appearance p o t e n t i a l  data obtained on t h e  NO F molecule a r e  3 
given i n  Table 14.  'The high i n t e n s i t y  1E curve of NO2+, which indicated  
t h a t  only a s ing le  ion-source process was occurring, gave an excellent  
EVD f i t  with argon. For t h e  low i n t e n s i t y  I E  curve of OF, the  lower AP 
was estimated by t h e  l i n e a r  in te rcep t  method and t h e  higher was deter -  
mined by EVD. The two lowest APT s of F+ determined by l i n e a r  in te rcep t s  
were qu i t e  poor due t o  t he  very low in t ens i t y  of the  I?+ ion  and t o  the  
f a c t  t h a t  a t  l e a s t  one more higher energy process was a l s o  occurring. 
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only the  lowest energy process was measured using both the  L I  and EVD 
methods. The AP of NO+ was not measured due t o  t h e  constant ly  changing 
slope of t h e  I E  curve of NO+ near t h e  threshold of ioniza t ion.  
For t h e  ~ 0 ~ '  ion,  the  AP i s  a t t r i b u t e d  t o  the  process 
where 
Therefore, A ( N ~ ~ + ) ~ ~ ~ ~ .  = 0.34 + 1.26 + 11.0 - (0.12) = 12.48 eV, which 
i s  0.14 eV lower than t h e  measured value of 12.62 eV. 
The f i r s t  AP of OF' i s  a t t r i b u t e d  t o  
where 
+ 
Therefore, A ~ ( O F  )talc = 14-93 + 0.34 - 0.12 = 15.15 eV, which i s  0.45 
eV lower than t h e  measured value of 15.60 eV. The second AP o f  OF' i s  
a t t r i b u t e d  t o  t h e  process 
where 
+ 
Thus, A2(0F )talc, = 14.93 + 0.94 + 2.58 - 0.12 = 18.33 eV, which i s  
0.26 eV lower than the  measured value of 18.59 eV. 
The f i r s t  AF' of I? i s  a t t r i bu t ed  t o  
where 
+ 
mus, A1(F )talc. = 0.69 - 3.65 + 17.42 - 0.12 = 14.34 eV, which i s  0.84 
eV higher than t he  measured value of 13.50 eV. The second AP of F+ could 
be due t o  one o r  both of the  following two competing ion-source pro- 
cesses: 
i n  which t h e  respective appearance po ten t ia l s  are  
+ 
Therefore, t he  respective calcula ted AP' s are: A ~ ( F  )talc = 0.69 + 0.74 
+ + 17.42 - 0.12 = 18.85 eV; and A ~ ' ( F  )talc. = 0.69 + 0.34 + 2.58 + 17.42 
- 3.99 - 0.12 = 16.92 eV. These a r e  0.40 eV higher and 1.54 lower, 
+ respectively,  than t h e  measured value of 18.45 eV. Even though A ~ ( F  )talc. 
+ and A2' (F talc. d i f fe r  by almost 2.0 eV, i t  i s  impossible t o  choose 
+ 
between Egs. 33 and 34 due t o  t h e  very high average deviation i n  A2(F )exptlm 
(0.48 ev) and t o  t he  p o s s i b i l i t y  of the  production of excess energy i n  t he  
ion-source process. 
Similarly, t h e  AP of 0' can be a t t r i bu t ed  t o  one o r  both of t he  
following two processes: 
i n  which the  respective AP's a r e  
Thus, t he  respective calcula ted AP's are: A(o+) = 2.58 + 0.34 + 0.69 
ca lc .  
+ + 13.61 - 3.45 - 0.12 = u . 6 5  ev; and A ' ( O  )talc. = 2.58 + 0.34 + 0.69 + 
13.61 - 3.99 - 0.12 = 13.11 eV. These a re  0.03 eV higher and 0 .51  eV 
lower than t h e  measured value of 13.62. 
The only AP data on the  pos i t ive  ions of NO F of high enough qua l i ty  3 
+ 
t o  have quant i ta t ive  significance i s  A(NO ) . Table 14 shows t h a t  
2 exptl .  
+ 
'("2+)exptl. i s  greater  than A ( N O ~  )cacl. by 0.14 eV. However, much 
uncertainty remains regarding t h e  "accepted" value of AH~(oF). This 
problem, which i s  d i r e c t l y  r e l a t e d  t o  D(FO-F) and ~ ( 0 - F ) ,  i s  discussed 
i n  Appendix A .  It i s  most l i k e l y  t h a t  A H f ( O ~ )  i s  the  l e a s t  accurate of 
the  quan t i t i es  involved i n  Eq. 24. By subs t i tu t ing  A ( N ~ ~ + ) ~ ~ ~ ~ ~ .  and the  
l i t e r a t u r e  values of AH (Nos),  I(NO ) and AH (NO F) i n t o  Eq. 24, t h e  
f 2 f 3  
heat  of formation of OF i s  derived accordingly: 12.62 = 0.34 + AH (OF) 
f 
+ 11.0 - 0.12: o r  AHf(~~)derived = 1.40 - + 0.10 ev. 
+ The value of A ( N O ~  )exptl. can also be used t o  calculate the lower 
limit of the ionization potent ial  of NO F. Since the molecular ion, 3 
NO~F+ ,  i s  not observable i n  the  mass spectrometer, then D(No~+-OF) < 0. 
+ 
Since D(No*+-OF) = A ( N o ~ + )  - I ( N O ~ F ) ,  then I(NO~F) > A ( N O ~  ) or  I ( N O ~ F )  
The AP data f o r  the ONNF2 molecule are  shown i n  Table 15. The 
+ -I- high in tens i ty  I E  curves f o r  NO and NF2 both indicated only one ion- 
source process occurring and both gave good or excellent matches with 
the I E  curve of argon i n  applying the EVD method. The I E  curve f o r  NF+ 
showed a break several vol ts  above the threshold, thus indicating two 
ion-source processes of differ ing threshold energies. The lower AP of 
NF+ was determined using both l inear  intercepts and END. The second AP 
of NF+ was obtained by EVD by subtracting the contrTbution t o  the  I E  curve 
of NF+ from the  lower energy process. 
+ 
For the NO ion the at t r ibuted ion-source process i s  
where 
By substi tuting the l i t e r a t u r e  values i n t o  Eq. 40, A(NO+) = 0.94 
calc. 
+ 0.37 + 9.25 - 0.82 = 9.74 eV., which i s  0.34 eV lower than the  measured 
value of 10.08 ev. 
+ 
For the NF2 ion the a t t r ibuted  process i s  
Table 15. Appearance Potent ia ls  of Nitrosodif luoramine ( 0NNF2) 
Ion AP No. of 
expt l  Trails 
Ave. Dev. Method Qpality Process 
NO+ 10.08 8 0.13 EVD good ONNF2-NO + NF2 + 2e 9 74 +O .34 + 
+ 
excellent  +e-NF + NO + 2e 2 12-49 
f a i r  -NF+ + NO + F- + e 12.24 
good -NF+ + NO + F + 2e 15-69 
where 
+ 
Thus, A(w2 )talc. = 0.37 + 0.94 + 12.0  - 0.82 = 12.49 eV, which i s  0.32 
eV lower than the  measured value of 12.81 eV. 
For NF+ t he  a t t r i bu t ed  lower energy process i s  
where 
+ 
Thus, A ~ ( N F  )talc, = 14.88 + 0.94 + 0.69 - 3.45 - 0.82 = 12.24 eV, which 
i s  0.63 eV higher than t he  measured value of 11.61 eV. The higher energy 
process f o r  W+ i s  a t t r i bu t ed  t o  
where 
Therefore, A~(NF+) = 14.88 + 0.94 + 0.69 - 0.82 = 15.69 eV, which i s  
calc. 
0 .O7 eV lower than t he  measured value of 15.76 eV. 
For t he  above measured data on O W  only the  AP's of NO+ and 
2' 
+ 
NF2 are of high enough qua l i ty  t o  have quant i ta t ive  significance.  The 
experimental minus t he  calcula ted AP's  for NO+ and NF2+ a r e  +0.34 and 
+ 
+0.32 eV, respectively.  Therefore, t h e  AP data f o r  both NO* and NF2 both 
ind ica te  t h a t  t h e  heat  of formation of ONJYF2 should be 0 .33  eV l e s s  than 
t he  l i t e r a t u r e  value of 0.82 eV obtained by an equilibrium constant 
57 
method . Therefore, AHf (0NNF ) = 0.49 2 0.13 eV. The low value 
2 derived - 
+ 
f o r  A1(w )exptl. i s  unexplained, but it i s  probably a t t r i bu t ab l e  t o  
inaccuracy i n  the  method. 
The lower l i m i t  t o  t h e  ionizat ion po t en t i a l  of Om2 can be cal -  
+ 
culated a s  follows. Since O N l P 2  i s  not observable i n  the  mass spectrom- 
+ 
e t e r ,  then it i s  assumed t h a t  D(ON -NF2) < 0. Since D(ON+-NF2) = A(NO+) 
+ 
- 1 ( 0 m 2 ) ,  and 0 0  Iexptl. = 10.08 ev, t h e  I ( O J ~ F ~ )  > 10.08 eV. 
Trifluoramine Oxide (ONF~) 
The only appearance po t en t i a l  determinations on pos i t i ve  ions from 
+ 
ONF were made on O* The high i n t ens i t y  I E  curve f o r  O W 2  indicated 3 
only one ion-source process occurring, and the  EVD f i t  with argon was 
excellent .  The value of A ( o N F ~ + ) ~ ~ ~ ~ ~ .  was determined t o  be 14.15 2 0.03 
eV from nine measurements. The i n t ens i t y  of the  parent molecular ion, 
O N F ~ + ,  was much too low t o  obtain a d i r ec t  measurement of t he  ionizat ion 
po t en t i a l  of ONF The I E  curves f o r  t h e  other fragment ions, especia l ly  
3 ' 
NO* and F+, were of constantly changing slope near t h e  threshold of ioni-  
zation, thus ind ica t ing  several  competing ion-source processes f o r  each 
fragment. It was not poss ible  t o  determine t he  AP's of these  fragments. 
+ 
The ion-source process a t t r i bu t ed  t o  t h e  formation of  OW2 i s  
where 
and 
Dibeler and Walker7' measured A(0XF2+) f o r  Eq. 47 t o  be l3.59 eV by photon 
impact. Thus, by combining Eqs. 48 and 49, it i s  reasonable t o  conclude 
t h a t  
mis l a rge  di f ference between t h e  v e r t i c a l  and adiabat ic  ion iza t ion  
po t en t i a l s  of ONF i s  not surpr is ing since ONF i s  near ly  t e t rahedra l  
2 3 
+ whereas t h e  ONF2 ion i s  planar  111,112 
Nitrodif  luoramine (02NNF2) 
The AP data f o r  t he  new compound 02NNF2 i s  given i n  Table 16. 
+ 
The IE curves f o r   NO^+ and NF2 both indicated only one ion-source pro- 
cess and both gave good o r  excellent  EVD f i t s  with argon. For t he  NO' 
+ 
and NF ions, t h e  I E  curves indicated a t  l e a s t  two ion-source processes 
i n  each. These curves gave f a i r  t o  poor r e s u l t s  f o r  t h e  f i r s t  and second 
+ 
AP ' s of NO and NF+ . 
The process a t t r i b u t e d  t o  t h e  formation of  NO^+ i s  
where 
Table 16. Appearance Po ten t i a l s  of Nitrodif  luoramine (0 N N F ~ )  2 
Ion AP No. of Ave. Dev. Method Q u a l i t y  AP 
e x p t l  T r a i l s  ( ev) of Data ca lc .  expt1.-calc. 




excel lent  O2NNFZ--NO2 + NF2 + 2e 
+ e 
poor 
EVD f a i r  
EVD good 
poor 
EVD f a i r  
+ 
Subs t i tu t ion  of A ( N O ~  )exptl. and t h e  appropriate l i t e r a t u r e  values i n t o  
Eq. 52 g ives :  11.71 = 0.34 + 0.37 + 11.0 -  AH^ ( 0 2 ~ ~ 2 ) d e r i v e d ;  o r  
*$ ( O ~ ~ 2 ) d e r i v e d  = 0.00 + 0.11 eV. - 
+ 
The a t t r i b u t e d  process f o r  the  lower AP of NO i s  
where 
If mf(02NNF2)derived 
is  used along wi th  the  appropr ia te  l i t e r a t u r e  
+ 
values, then Al(NO )celc. = 0.94 + 2.58 + 0.37 + 9.25 - 3.25 - 0.00 = 
9.89 eV, which i s  0.19 eV higher than the  measured value of 9.70 eV. 
The second AP of NO' i s  a t t r i b u t e d  t o  
where 
+ 
Theref o re ,  (NO ) talc. = 9.89 + 3.25 = 13.14 eV, which i s  0.06 eV lower 
than the  measured value of 13.20 eV. 
+ 
For the  NF2 ion  the a t t r i b u t e d  process i s  
where 
Theref ore,  ~ ( ~ 2 ~ ) c a l c .  = 0.37 + 0.34 + 12.0 - 0.00 = 12.71 eV, which 
i s  0.43 eV higher than the measured value of 12.28 eV. 
+ 
The lower energy process f o r  NF can be a t t r i b u t e d  t o  one o r  both 
of the following: 
where 
and 
Subs t i tu t ion  in to  Eqs. 61 and 62 gives A ~ ( N F + ) ~ ~ ~ ~  = 12.46 eV and 
A ~ f ( m + ) c a l c .  = 11.92 eV which a r e  0.71 eV higher and 0.17 eV lower, 
respect ively ,  than the measured value of 11.75 eV. The higher energy 
+ 
process f o r  NT i s  a t t r i b u t e d  t o  
where 
This y i e l d s  A ~ ( N F + )  = 15.91 eV, which i s  0.39 eV higher than the  
ca lc .  
measured value of 15.52 eV. 
+ 
It  i s  evident  from Table 16 t h a t  the  da ta  on A(N02 ) a r e  con- 
+ + 
s i s t e n t  wi th  Al(NO ) and $(NO ) within  experimental e r r o r ,  However, 
+ + 
f o r  A ( N F ~ + ) ,  Al(NF ) end A (NF ) the experimental minus the  ca lcula ted  2 
values a r e  cons i s t en t ly  negative. These values should be pos i t ive ,  i f  
anything, due t o  the production of excess energy a s  predicted from 
Stevenson's Rule. A s  mentioned i n  an e a r l i e r  sec t ion ,  t h e  spectrum of 
0 NNF was never completely void of N2F4. This suggests  t h a t  02NNF2 i s  2 2 
decomposing s l i g h t l y ,  even a t  -130 t o  -135'~. Decomposition should 
occur i n  the  gas phase according t o :  
0 But s ince  NO has a neg l ig ib le  vapor pressure a t  -130 C ,  the  decomposi- 
2 
t i o n  process (Eq .  65) i s  modified t o  be :  
This suggests t h a t  the  gaseous components would c o n s i s t  e n t i r e l y  of 
molecular 02NNF2 and N2F4 and NF2 r a d i c a l s .  Therefore, i n  r e l a t i o n  t o  
+ 
the appearance p o t e n t i a l s ,  NO2 must be coming from 02NNF2, whereas 
+ + 
NF2 and NF could a r i s e  from 0 NNF2, 2 NF2, o r  N2F4. 
Since I ( W  ) = 
2 
12.0 eV and A(w+, NF2) = 11.8 and 15.5 e~~~~ then the  low values ob- 
+ + 
2 and A2(NF )exptl, a r e  most 
probably due t o  the  presence o f  NF2 r a d i c a l s  i n  the gas  phase. 
The lower limit .&of the  ioniza t ion  p o t e n t i a l s  of 02NNF2 can be 
+ 
ca lcu la ted  i n  t h e  fol lowing manner s ince  02NNF2 i s  not  observable i n  
the mass spectrometer: 
where 
Thus, I ( o ~ N N F ~ )  > 11.71 eV. 
Summary of Results  from Appearance P o t e n t i a l  Data 
The r e s u l t s  derived from the appearance p o t e n t i a l  data on the  s i x  
N-0-F compounds a r e  tabulated i n  Table 17. The heats  of formation of 
ONF, N02F, OF, Om2, and 0 NNF were derived t o  be -0.90 + 0.10, 2 2 - 
-1.46 + 0.12, + 1.40 + 0.10, + 0.49 + 0.13, and 0.00 + 0.11 eV, respec- - - - - 
t i v e l y .  The ionizat ion p o t e n t i a l  of N02F was measured t o  be 13.15 + - 
0.12 eV. The di f ference  between the  v e r t i c a l  and ad iaba t i c  ioniza t ion 
po ten t i a l s  of ONF2 was derived t o  be 0.56 eV. The lower l i m i t s  t o  the  
ionizat ion po ten t i a l s  of ON!?, NO F ,  ONNE' and 0 NNF2 were derived t o  
3 2 ' 2 
be 11.78, 12.62, 10.08, and 11.71 eV, respect ively .  Other derived 
+ 
r e s u l t s  were : EA(oNF) = 2.69 eV; D(No2 -F) = 0.34 eV; and D(ON-F-) = 
1.77 eV. The derived r e s u l t s  i n  Table 17 a r e  compared t o  l i t e r a t u r e  
values of Table 19 whenever possible.  
Bond Dissociat ion Energies i n '  N-0-F Species 
0 The bond d i s soc ia t ion  energies a t  298 K f o r  many N-0-F species 
a r e  tabula ted  i n  Table 18. These values were derived from the  hea t s  
of formation obtained i n  t h i s  work (Table 17) along with o ther  necessary 
hea t s  of formation from the l i t e r a t u r e  (Table 19). The bond orders 
Table 17. Summary of Thermodynamic Quantities 
Derived from Appearance Po ten t ia l  Data 
X Y X - Y  
Quantity This Work ~ i t e r a t u r e ~  Difference 
( ev) ( ev) ( ev) 
AHf ( O N - )  -0.90 - + 0.10 -0.68 -0.22 
AHf (No2F) -1.46 + - 0.12 -1.12 -0.34 
AHf (OF) +1.40 - + 0.10 +1.26 +O .14 
AHf ( o m 2 )  +0.4? + - 0.13 +O .82 -0.33 
( 0 2 m 2 )  0.00 + - 0.11 
1 ( O N - )  m . 7 8  
I ( ~ 0 ~ ~ 1  13.15 - + 0.12 
a 
See Table 19 
(equal  t o  one-half the  number of e l ec t rons  i n  a  p a r t i c u l a r  bond) were 
determined from the  Double Quartet s t r u c t u r e s  given by t h i s  author i n  
Appendix B and by Linnet t  113y114. From Table 18 i t  can be seen t h a t  
increasing bond order genera l ly  r e s u l t s  i n  increasing bond d i s soc ia t ion  
energy. 
Table  18. Bond Dissociat ion Energies a t  2 9 8 ' ~  i n  N-0-F Species 
Type Bond Species D 












Table 18. Bond Di s soc i a t ion  Energies  a t  2 9 8 ' ~  i n  N-O-F Species  (cont inued)  





Estimated by Dibe ler  and walker7' assuming I(0NF ) = I ( N F p )  
2 
Dibeler  e t  a l . f s 7 0  value of AH~(OW ) = -3.02 eV 
3 
C 
Using Bougen e t  a l .  . s 7 l  value of AHf(ONF ) = -1.48 eV 
3 
CHAPTER I V  
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The work described i n  the  preceding chapters  has l e d  t o  the 
following conc lus  ions : 
1) The f i v e  previously known N-0-F compounds (OIW, NO F, NO F , 2 3 
ONNF and OW ) were r e a d i l y  prepared using low temperature, vacum 2 3 
methods published i n  the  l i t e r a t u r e .  
2) The previously unident i f ied  compound, ni trodif luoramine 
(02NNF2), was prepared by pyrolyzing N F a t  310 '~  t o  form NF2 r a d i c a l s  2 4 
and then adding NO2 wi th  a subsequent f a s t  quench a t  -196'~. This com- 
0 
pound, a white s o l i d  a t  -196 C ,  i s  uns table  a t  room temperature, de- 
composing t o  N F and NO2. 2 4 
3) The reac t ions  of 0 F with NO, NO N2F4 and NH of N2F4 2 2 2 ' 3 ' 
with O2 and 0 and of NF with F produced no evidence f o r  new N-0-F 
3 ' 3 2 
comp oun ds . 
4) Pure 02F2 i s  a yellow s o l i d  a t  low temperatures r a t h e r  than 
an orange o r  yellow-orange s o l i d  a s  previously thought. 
5) An un iden t i f i ed  red-brown substance was observed by condens- 
ing  a mixture of N F and NO a t  -1%'~. This substance decomposed 2 4 
between -183 and -168'~ before exer t ing  a s u f f i c i e n t l y  high vapor pres-  
sure  t o  be detec ted  i n  the mass spectrometer.  On the  b a s i s  of L i n n e t t ' s  
Double Quartet Model, t h i s  substance i s  pos tu la ted  t o  be F2NONNF2. 
6) The s i x  N-0-F compounds were i d e n t i f i e d  by t h e i r  unique 
pos i t ive  and negative ion  spect ra  i n  a Bendix TOF mass spectrometer. 
The mass spectra of the known N-0-F compounds were previously unreported 
except f o r  the  pos i t ive  ion spectra of ONF 3 ' 
7) The temperatures a t  which the  vapor pressures of ONNF and 2 
0 NNF a r e  one t o r r  were estimated t o  be -141 + 2 ' ~  and -123 + 2 ' ~  by 
2 2 - - 
comparing the  observed vapor pressures of 0.1-0.2 t o r r  f o r  ONF3, N02F, 
ONNF2, NO F, ONF and 02NNF2. 3 
8)  The appearance po ten t i a l s  were measured f o r  most of the  pos i -  
t i v e  ions of t h e  s i x  N-0-F compounds. These were compared t o  t h e  
appearance po ten t i a l s  of the  a t t r i b u t e d  ion-source processes ca lcu la ted  
from the  b e s t  l i t e r a t u r e  values of hea t s  of f o r m t i o n ,  ioniza t ion  
p o t e n t i a l s  and e lec t ron  a f f i n i t i e s .  The hea t s  of formation of OW, 
NO$, OF, and 0 NNF2 were derived t o  be -0.90 + 0.1.0, -1 -46 + 0.12, 
2 - - 
+1.40 + 0.10 and +0.49 + 0.13 eV, respect ive ly .  These were compared t o  - - 
the  l i t e r a t u r e  values of -0.68, -1.12, +1.26 and +0.82 eV, respect ive ly .  
The hea t  of formation of the  previously unreported 0 NNF was 2 2 
derived t o  be 0.00 - + 0.11 eV. The previously unreported I ( N O ~ F )  was 
d i r e c t l y  measured t o  be 13.15 - + 0.12 eV. The lower l i m i t s  of the  ion i -  
z a t i o n  p o t e n t i a l s  of ONF, NO F ,  ONNF2 and 02NNF2 were est imated t o  be 3 
11.78, 12.62, 10.08, and 11.71 eV, respect ive ly .  The v e r t i c a l  minus t h e  
adiabat ic  ionizat ion po ten t i a l s  of ONF2 was derived t o  be 0.56 + 0.03 - 
eV. The e lec t ron a f f i n i t y  of OW was estimated t o  be 2.69 + 0.32 eV. - 
An extens ive  l i s t  of bond d i s soc ia t ion  energies a t  298 '~  i n  N-0-F 
species  was tabulated.  These values were ca lcu la ted  from the q u a n t i t i e s  
derived i n  t h i s  t h e s i s  and o the r  thermodynamic q u a n t i t i e s  from t h e  l i t e r a -  
t u r e .  
9) The Linnet t  Double Quar te t  Model was used t o  cons t ruct  s t a b l e  
e l ec t ron ic  configurat ions f o r  the  known species OW, N02F, NO F ,  ONNF2, 
3 
+ 
OW3, 02NNF2, the ONF r a d i c a l ,  and t h e  ONF- and ONF ions.  The Double 
2 2 
Quar te t  Model was a l s o  used t o  propose the  most l i k e l y  s t r u c t u r e s  of 2 
wide va r i e ty  of pos tu la ted  N-0-F species and t o  draw approximate con- 
clusions regarding t h e i r  l i k e l y  existence.  The compounds F2NONNF2, F02N0, 
FONO, ONNFNFNO, and F N(OF), ( n  = 1,2 ,3)  were shown t o  have marginal 
3-n 
s t a b i l i t i e s ,  which suggests the possible i s o l a t i o n  of these species i n  
the  f u t u r e .  The compounds ( o N N F ~ ) ~ ,  F002N0, 02NF2, F2NONF2, F NO NF 
2 2 2 )  
and F N ( O ~ F ) ,  (n = 1,2,3)  were shown t o  be unlikely.  It was impossible 
3-n 
t o  cons t ruct  any p laus ib le  covalent s t ruc tu res  f o r  NF a n d F  NNF 
5 3 3' 
Recommends t ions  
The r e s u l t s  of t h i s  work have l e d  t o  the following recornrnenda t ions 
and proposals.  
1 )  Further  work should be d i rec ted  toward the  synthes is  of 
F02N0, FONO, ONNFNFNO, and F N(OF), (n  = 1,2,3), which were predic ted  
3-n 
t o  have marginal s t a b i l i t i e s  . Some new experimental procedures might in-  
volve a r eac to r  which accomodates two types of a c t i v a t i o n  simultaneously, 
such a s  rf discharge and pyrolysis  o r  e l e c t r i c  discharge and pyrolys is ,  
followed by a f a s t  quench a t  low temperatures. The reac t ions  of NO and 
NO with 0 F i n  an appropriate so lvent ,  such a s  CF C 1 ,  should be s tudied  
2 2 2 3 
with hopes of preparing one of the above compounds. 
2) The physical  and chemical proper t ies  of the  new compound 
n i  t rod i f  luoramine, 02NNF2, should be  s tudied  thoroughly. Several  impor tank 
areas  would be  low temperature nmr and i r  spect ra ,  vapor pressure da ta ,  
hea t  of formation from equilibrium da ta ,  and reac t ions  with various hydro- 
carbons. 
3) The i d e n t i t y  of the  uns table  red-brown substance observed i n  
the condensation of N F and NO should be determined. Low temperature 
2 4 
ir may prove u s e f u l  i n  t h i s  task .  
4) Work i s  p resen t ly  underway i n  t h i s  labora tory  t o  parameterize 
t h e  MIND0 molecular o r b i t a l  computer program f o r  ca lcu la t ing  h e a t s  of 
formation and ion iza t ion  p o t e n t i a l s  of compounds containing N-N, N-0  
and N-F bonds. This work should be extended t o  include t h e  s i x  known 




SUMMARY OF BEST LITERATURE VALUES 
FOR THERMODYNAMIC QUANTITIES OF N-0-F SPECIES 
I n  o r d e r  t o  c a l c u l a t e  bond d i s s o c i a t i o n  energ ies  and h e a t s  of 
formation from appearance p o t e n t i a l  da t a ,  it i s  necessary  t o  accumulate 
an accu ra t e  l i s t  of t h e  p a r t i c u l a r  thermodynamic q u a n t i t i e s  r equ i r ed  f o r  
t hese  c a l c u l a t i o n s .  Tables 19,  20, and 2 1  summarize the  l a t e s t  and b e s t  
values from the  l i t e r a t u r e  f o r  s tandard h e a t s  of formation,  i on iza t ion  
p o t e n t i a l s ,  and e l e c t r o n  a f f i n i t i e s  of N-0-F spec i e s .  Table 19 a l s o  
shows the r e l a t i v e l y  smal l  en tha lpy  d i f f e rence  between 0 and 2 9 8 ' ~  f o r  
many spec i e s .  I n  t h i s  t h e s i s  a l l  c a l c u l a t i o n s  a r e  r e f e r r e d  t o  298 '~.  
Wherever app l i cab le ,  t he  l i s t e d  values have been r ev i sed  t o  allow f o r  
0 
i n t e r n a l  cons is tency .  For example, AHf 2 9 8 ( ~ ~ ~ 2 )  was r epo r t ed  a s  
20.4 kcal./mole i n  1963 based upon t h e  hea t  of r e a c t i o n  between NO and 
N2F454. However, t h i s  va lue  i s  r e v i s e d  t o  18.9 kcal./mole us ing  t h e  
0 more r ecen t  val-ue of AH ( N  F ) l i s t e d  i n  Table 19. f 298 2 4 
The fo l lowing  va lues  from Tables 19, 20 and 2 1  r e q u i r e  q u a l i f i -  
ca t ion :  the  h e a t s  of formation and i o n i z a t i o n  p o t e n t i a l s  of OF and NF; 
t h e  i o n i z a t i o n  p o t e n t i a l s  of NO2 and NF2; and the  e l e c t r o n  a f f i n i t i e s  of 
NO2, NO and NF2. 
3 ' 
Dibeler  e t  a1.115 der ived  D(O-F)  = 1.1 eV, D(FO-F) = 2.8 eV, and 
I(oF) = 13.00 eV based upon t h e i r  da t a  f o r  
and 
However, t h e i r  r e s u l t s  were based upon the  then  "accepted" values of 
The more r e c e n t  va lues  from Tables 19, 20, and 2 1  r e c a l c u l a t e  
0 
D ibe le r ' s  r e s u l t s .  ( r e f e r r e d  t o  298 K )  t o  be D(0-F) = 1.49 eV, D(FO-F) = 
2.65 eV, and I(OF) = 13.15 eV. D i b e l e r ' s  da t a  a l s o  l e a d  t o  AHf (OF) = 
+ 
2.21 eV and dHf (OF ) = 14.93 eV. D ibe le r ' s  r ev i sed  va lues  f o r  ~ ( 0 - F ) ,  
D(FO-F), I ( O F ) ,  and AJ3 (OF) a r e  somewhat suspec t  because they  a r e  based f 
upon t h e  negat ive  ion  mass spec t rometr ic  de te rmina t ion  of A(F-)  and K.E. 
+ + 
f o r  Eq. 1. However,  AH^ (OF ) determined from A(OF ) i n  Eq . 2 should 
be accu ra t e  t o  about 0.2 eV. 
Troe e t  a 1 . l l 6  der ived  D(FO-F) = 37 kcal/mole (1.60 e ~ )  from t h e i r  
d a t a  on t h e  unimolecular decomposition of OF They f u r t h e r  der ived  
2 ' 
~ ( 0 - F )  = 53 kcal./mole (2.30 e ~ )  us ing  outda ted  values f o r  t he  h e a t s  
of formation of OF 0,  and F .  The l a t e s t  values from Table 19 f o r  t h e  
2 ' 
AH ' s  of OF , O  and F and Troe ' s  r e s u l t  f o r  D(FO-F) l eads  t o  ~ ( 0 - F )  = f  2 
2 . 1 1  eV and  AH^ (OF) = 1.16 eV. 
Recent ly OIHare and wah1117 have d iscussed  i n  d e t a i l  t h e  problem 
of t h e  bond d i s s o c i a t i o n  energ ies  D(FO-F) and D(O-F). They concluded 
t h a t  t h e  most l i k e l y  value f o r  D(FO-F) was 1.7 + 0.2 eV, from which they  - 
der ived  D(OF) = 2.2 + 0.2 eV. Their  c a l c u l a t i o n s  were r e f e r r e d  t o  OOK - 
and they  used the  ques t ionable  hea t  of formation of F of 18.4 k c a l l  
mole (0.8 e ~ ) .  If one accep t s  t h e  h e a t s  of formation of 0 ,  F and OF 2 
from Table 19, D(FO-F) = 1.7 + 0.2 eV l eads  t o  AHfHfoF) = D(FO-F) + - 
A H ~ ( O F ~ )  - AH (F)  = 1.26 + 0.2 eV, which i s  taken a s  t h e  b e s t  value 
f  - 
f s r  purposes of ca lcu la t ion  i n  t h i s  work, 
The values of AH~(NF)  and I(NF)  were reported by Dibeler and 
walker7' i n  a  mass spectrometric  photoionizat ion study of NF They 
3 ' 
derived AHf(NF'+) t o  be 14.88 eV. They combined t h i s  with the assumption 
t h a t  ~ ( N F )  = I ( N F ~ )  (11.7 eV) and ca lcu la ted  dHf (NF) t o  be 3.2 eV. They 
considered t h e i r  assumption of I(NF) = I ( N F ~ )  t o  be reasonable s ince  0  
2 ' 
which i s  i soe lec t ron ic  wi th  NF, has an approximately equal ioniza t ion  
p o t e n t i a l  of 12.07 eV. 
Two values f o r  1(NF2) a r e  l i s t e d  i n  Table 20. The value of 1-1.73 
eV derived by Dibeler  e t  a l .  i n  a  photoionization study of NF should 
3 
correspond t o  the  adiabat ic  ioniza t ion  p o t e n t i a l .  The value of 12.00 eV 
82 
reported by Franklin e t  a l .  was determined by an e lec t ron  impact mea- 
surement on NF2 r a d i c a l s  and should correspond t o  the  v e r t i c a l  I P  of 
NF2. This l a t t e r  value i s  therefore  taken a s  the  bes t  value f o r  purposes 
of ca lcu la t ion  i n  t h i s  t h e s i s .  
The ioniza t ion  p o t e n t i a l  of NO has been the  subjec t  of much 2 
controversy. Frankl in  e t  a1.82 repor ted  the  nine most r e l i a b l e  de ter -  
minations of I ( N O ~ )  t o  be 9.78, 9.80, 10.2, 11.1, 10.97, 11.0, 11.3, 
11.27, and 11.3 eV. These values genera l ly  f a l l  i n t o  two groups: those 
centered around 10.0 eV (I ) and those centered around 11.0 eV 
adiab . 
( I v e r t  . ) The l a r g e  d i f ference  between I and I i s  due t o  t h e  adiab . ver t . 
+ 
f a c t  t h a t  the  NO2 molecule i s  bent  while the  NO2 ion i s  l i n e a r .  A s  
p a r t  of t h i s  t h e s i s  research,  t h e  ion iza t ion  p o t e n t i a l  of NO2 was re- 
measured using the  ext rapola ted  voltage d i f ference  method with A r  a s  
r e f e rence .  m e  resu1.t was I(NO~) = 10.99 + 0.15 eV from nine measure- - 
merits. Therefore,  t h e  value of I ( N O ~ )  = 11.0 eV was taken a s  t h e  b e s t  
va lue  f o r  purposes of c a l c u l a t i o n  i n  t h i s  t h e s i s .  
Reports  of t h e  e l ec t ron  a f f i n i t y  of NO vary from 1 .62  t o  3.99 2 
eV ( s e e  Table 21 ) .  The h igh  value of 3.99 eV was s e l e c t e d  a s  t h e  b e s t  
110 value a s  was a l s o  recommendedby t h e  J A N U  Tables (1966) . 
Two va lues  r epo r t ed  f o r  U(N0  ) a r e  3.88 and 3.99 eV ( s e e  Table 
3 
21). The value of EA(NO ) = 4.39 eV ca l cu la t ed  according t o  
3 
where A H ~ ( N O ~ )  and w ~ ( N o ~ - )  a r e  taken  from Table 19 was s e l e c t e d  f o r  
use h e r e i n .  
The only  r epo r t  of E%(NF2) was given a s  3.25 eV i n  the  Chemistry 
and Physics  Handbook118. It was not  poss ib l e  t o  l o c a t e  t he  o r i g i n a l  
r e f e rence  t o  t h i s  value.  
Table 19. Best  L i t e r a t u r e  Values of Standard Heats of Formation 
0 
Species  
mf OO AHf 298 
(kcal . /mole) (ev)  (kcal ,/mole) (ev)  Reference 




(kca l .  /mole) ( e ~ )  (kcal .  /mole) ( e ~ )  Reference 
ONF -15.2" -0.66 -15.8 -0.68 22 
a Calculated using enthalpy d i f ference  f o r  temperature from JANAF 
Tables (1565)5' 
b ~ a l c u l a t e d  from the  data of OIHare e t  al. 117 
c 124 
Revised from value given by JANPE Tables (1967) using more recent  
0 value of AHf 2 9 8 ( ~ )  
d 
Calculated using e n f g ~ l p y  d i f ference  f o r  temperature from JANAF 
Tables ( 1966) 
e 
Accepted a s  the b e t t e r  value by JANAF Tables (1965) 54 
f 
Recalculated from the  data  of Johnson and Colburn 57 
'calculated from the  data  of  Dibeler e t  a l .  115 
Table 20. Best L i t e ra tu re  Values of Ionization Poten t i a l s  








a  Taken a s  t h e  b e s t  value f o r  t h i s  work 
b ~ s  sumed 
C ~ e c a l c u l a t e d  from the  data  of Dibeler ,  e t  a l .  115 
Table 21. Best Li tera ture  Values of Electron Aff in i t i es  
Species Electron Aff ini ty  
( ev) 
Reference 
a Taken as  the be s t  value f o r  t h i s  work 
b ~ c c e p t e d  by the  JANAF Tables (1966) 110 
C 0 0 
Derived from AHf 2g8(N03) and AHf 298 (NO -) from Table 19 3 
ELECTRONIC STRUCTURES OF N-0 -F COMPOUNDS 
USING LINNETT'S DOUBLE QUARTET MODEL 
Int roduct ion  
I n  recent  years Linnet t  1137114 has developed an i n t e r e s t i n g  and 
workable empirical  model t o  describe t h e  e l ec t ron ic  s t r u c t u r e s  of mole- 
cules  cons is t ing  of atoms from the F i r s t  Short Period. This model, 
c a l l e d  the  Double Quar te t ,  i s  a modification of the  Lewis-Langmuir 
Octet Rule which emphasized t h e  pai r ing  of e lec t rons  t o  form an o c t e t  
around the  nucleus. L i n n e t t ' s  approach, however, deemphasizes the  i m -  
portance of the  pa i r ing  of e lec t rons  and t r e a t s  the  o c t e t  a s  cons i s t ing  
of two groups of four e lec t rons ,  or  a double-quartet,  each group having 
opposi te  e l ec t ron  spins .  
The purpose of t h i s  appendix i s  t o  provide a systematic study of 
the  e l ec t ron ic  s t r u c t u r e s  of N-0-F compounds using L i n n e t t ' s  Double 
Quartet  Model. The s t r u c t u r e s  of the  known N-0-F compounds and s e v e r a l  
se l ec ted  ions  a r e  adequately described using t h i s  approach. Also, most 
probable s t r u c t u r e s  f o r  seve ra l  pos tu la ted  N-0-F compounds a r e  proposed. 
Based upon these  s t ruc tu res ,  conclusions a r e  drawn a s  t o  the  l i k e l y  
exis tence  and s t a b i l i t y  of these  pos tu la ted  compounds. 
A d e t a i l e d  explanation of t h e  Double Quar te t  Model can be found 
elsewhere l13'l14. I n  general ,  L inne t t ' s  model i s  based upon the  premise 
t h a t  the  l o c a l  d i spos i t ion  of e l ec t rons  around each nucleus i s  determined 
by Paul i  P r inc ip le  and in te r -e lec t ron  repulsion.  The Paul i  P r inc ip le  
leads t o  the conclusion t h a t  e lec t rons  of l i k e  spin  tend t o  r e p e l  each 
o the r ,  while those of opposite spin tend t o  come together.  These a r e  
known a s  "spin cor re la t ion"  e f f e c t s .  In ter -e lec t ron repulsion,  o r  
"charge corre la t ion ,"  r e s u l t s  from the f a c t  t h a t  a l l  e lec t rons  have 
the same negative charge and thus r e p e l  each other .  
Tne determination of the Linnett  s t ruc tu res  i s  a l s o  guided by 
the formal charge d i s t r i b u t i o n  i n  the  atoms. The formal charge f o r  a  
p a r t i c u l a r  atom i s  ca lcula ted  by a lgebra ica l ly  summing the  charges 
associa ted  w i t h  the atom according t o  the following simple r u l e s :  t h e  
nuclear charge and the  charges on the inner - she l l  and unshared e lec t rons  
a r e  t r e a t e d  as  being f u l l y  associated with the atom; and t h e  charges on 
e lec t rons  shared i n  a  bond with another atom a r e  assigned half t o  each 
atom. Based upon experience Linnett114 has suggested the f orrnal charge 
l imi ta t ions  shown i n  Table 22 f o r  ni trogen,  oxygen, and f l u o r i n e .  The 
Table 22. Formal Charge Limitations 
Atom Sa t i s fac to ry  Possible 
N -a t o  + l  -1 ( j u s t )  
0 1 -7 t o  +$ -1 and + 1  
F -1 t o  +1/3 4 
formal charges designated s a t i s f a c t o r y  r e s u l t  i n  s t r u c t u r e s  of consider- 
a b l e  importance, whereas those labeled  possible r e s u l t  i s  s  t rue  tures  
of only minor importance. The most probable s t ruc tu res  a r e  a l s o  de te r -  
mined i n  l i g h t  of Pauling's  Adjacent Charge Rule which s t a t e s :  47 
"In general ,  s t r u c t u r e s  i n  which adjacent  atoms have e l e c t r i c a l  charges 
of t h e  same sp in  a r e  much l e s s  important than o ther  s t r u c t u r e s ,  the  dimin- 
ua t ion  i n  importance r e s u l t i n g  from the  increase  i n  coulomb energy cor-  
responding t o  the adjacent  charges." 
The formulae used i n  representing t h e  Linnet t  s t r u c t u r e s  a r e  a s  
fol lows.  Crosses (x) and c i r c l e s  (0) each represent  e l ec t rons ,  but  of 
opposi te  sp ins .  A heavy l i n e  represents  two e lec t rons  of opposi te  spins 
occupying the  same s p a t i a l  o r b i t a l ,  i . e .  a  c lose  p a i r ,  and a l i g h t  l i n e  
represents  two e lec t rons  of opposite sp ins  on the  same atom or  between 
the  same p a i r  of atoms, b u t  not occupying the  same s p a t i a l  o r b i t a l .  A 
few simple examples demonstrating the  nota t ion  a r e  given below, where 
I-VII represent  F2, N2, NO, t he  ground s t a t e  of 0 the f i r s t  and second 
2 ' 
exc i t ed  s t a t e s  of 02, and 0 respect ive ly .  
3 ' 
VII 
ONF and ONF- 
114 
Linnett has discussed the structure of nitrosyl fluoride 
according to the five following structures, where the formal charges 




Table 23. Formal Charges in ONF 
F N 0 No. of Close Pairs 
VIII 
a r e  excluded because of t h e  p o s i t i v e  formal charges on t h e  F atom. The 
i soe lec t ron ic  molecule ozone has s t r u c t u r e  X I ,  bu t  i n  0 the  formal 
3 
charges a r e  a l l  zero and thus more favorable .  S t ruc tu re  I X  i s  expected 
t o  be of minor importance compared t o  V I I  and X due t o  the  +1  formal 
charge on the  0  atom. Both VII and X have permissible charge d i s t r i b u -  
t ions .  However, X i s  c l e a r l y  more favorable  s ince  i t  has no c lose  p a i r s ,  
whereas VII I  has s i x  p a i r s  of e l ec t rons  i n  which both e l ec t rons  occupy 
t h e  same s p a t i a l  o r b i t a l .  Since t h e  repuls ion  fo rces  of VIII a r e  much 
g r e a t e r  than those i n  X ,  then X should be the  most s t a b l e  conf igura t ion .  
S t ruc tu re  X p r e d i c t s  t h a t  the N-F bond length  should be abnormally 
0 
long. This i s  indeed t h e  case ,  s ince  the  N-F bond i s  1.512 A i n  ONE' 
compared t o  the s ing le  bond length  of 1.371 i n  NF 54. St ruc tu re  X a l s o  
3 
p red ic t s  t h a t  FNO has the  same f i v e  e l ec t ron  N-0  bond a s  i n  n i t r i c  oxide. 
0 0 
Once again,  the  bond lengths ,  1.136 A f o r  N-0 i n  FNO and 1.15 A i n  NO, 5 4 
confirm t h i s  p red ic t ion .  
Jones e t  a1.19 have discussed t h e  bonding i n  n i t r o s y l  f l u o r i d e  
i n  terms of th ree  valence-bond representa t ions ,  which a r e ,  i n  f a c t ,  
equivalent  t o  t h e  Linnet t  s t r u c t u r e s  VII ,  I X ,  and XII. They maintained 
t h a t  t h e  major con t r ibu t ion  i s  from VIII  and explain the  ONF angle a s  
fol lows.  The NO sigma bond i s  considered t o  involve a  n i t rogen sp hybrid 
o r b i t a l  w i t h  the lone p a i r  on N occupying t h e  other  sp o r b i t a l .  The 
second NO bond i s  a pn bond leaving the  t h i r d  p  o r b i t a l  f o r  sigma bond- 
i n g  t o  f l u o r i n e .  The r e s u l t i n g  ONF angle  should be 90°, b u t  they contend 
t h a t  t h i s  i s  increased t o  t h e  a c t u a l  value of 110' by t h e  repuls ion  be- 
tween t h e  0  and F atoms. This repuls ion  and d i s t o r t i o n  a l s o  i s  s a i d  t o  
lead t o  a longer and weaker NF bond than i n  NF3* Also, ~ a u l i n ~ ' ~ ~  and 
Buckton e t  a1.21 have suggested t ha t  the s t ruc ture  of OW i s  a combina- 
t ion  of the Lewis s t ruc tures  VIII, I X ,  and XII. 
From the above discussion it i s  evident t ha t  t he  Linnett model 
gives a f a r  superior description of the  e lect ronic  s t ruc ture  of ONF 
than does the t r a d i t i o n a l  valence-bond approach. Whereas the valence- 
bond approach suggests a combination of several  unsat is factory s t ruc-  
t u r e s ,  the  Double Quar te t  model shows t h a t  one s t ruc ture  adequately 
accounts f o r  the  propert ies of t he  ONF molecule. Furthermore, the d i s -  
cussion by Jones e t  a1.19 of the  bonding i n  ONF seems r a the r  nebulous. 
I n  the  representation given by VIII, one usually considers the nitrogen 
o rb i t a l s  t o  consis t  of three  sp2 and one p o r b i t a l  r a ther  than two sp 
and two p o rb i t a l s .  This, i n  f a c t ,  would predic t  an ONF angle of 120°, 
which, i f  anything, would be increased by repulsion between the F and 
0 atoms. 
There are four l i k e l y  s t ructures ,  shown below, f o r  the  OW- ion. 
None of these  v io la te  the  ru les  established f o r  formal charge d i s t r i -  
butions, nor do they contain a large  number of close pa i r s  (see  
Table 24). St ructure  X I 1 1  i s  the l e a s t  l i ke ly  since no negative charge 
i s  assigned t o  the f luor ine  atom. Structure  X V I ,  which consis ts  of F- 
loosely bonded to  NO, i s  somewhat questionable due t o  the  adjacent 
negative charges on F and N. Of the  remaining two s t ruc tures ,  XV i s  
the more l i k e l y  since i t  allows the l a rger  separation of e lect rons ,  i . e ,  
decreased in ter-e lect ron repulsion. 
St ructure  XV predic ts  t ha t  the  ONF- ion should have a s tab le  
configuration. Thus, it i s  not surpr is ing t ha t  the e lect ron a f f i n i t y  
Table 24. Formal Charges i n  OW- 
- - 
F N 0 No. of Close Pairs 
X I 1 1  
X I V  
XV 
XVI 
of ONE' was derived i n  the tex t  t o  be a ra ther  large 2.69 eV, even 
though OW- contains an odd number of electrons. Furthermore, XV pre- 
d i c t s  a ra ther  weak ON-F- bond. This i s  indeed the case, as the value 
f o r  D(ON-F-) was derived i n  the tex t  t o  be 1.77 eV a s  compared t o  an 
average D(N-F) of about 2.5 eV. 
There a r e  three s t ructures  f o r  n i t ro sy l  f luor ide,  shown below, 
whi ch give reasonable representations of the electronic d i s t r ibu t ion .  
These are ,  in f a c t ,  iden t ica l  t o  the s t ructures  proposed by Linnett 113,114 
X V I I  X I X  
Table 25. Formal Charges i n  NO E 
2 
F N 0 0 No. of Close P a i r s  
X V I I  0 + 1 1 1 -2 -2 1 
XVIII 1 + 1 0 1 7 -7 
XIX 
f o r  n i t r y l  chlor ide .  S t ructme XVII s u f f e r s  from the  disadvantage of 
having one c lose  p a i r  of e l ec t rons  and not  having any negative charge 
on t h e  F atom. St ructure  X I X  has a  g rea te r  separa t ion  of e lec t rons  
than X V I I I ,  b u t  s u f f e r s  s l i g h t l y  from having e lec t rons  of one sp in  ( t h e  
x ' s )  favor  a  l i n e a r  ON0 group while the e l ec t rons  of opposi te  sp in  ( the  
0 ' s )  favor a  bent  ON0 group. Thus, i t  i s  d i f f i c u l t  t o  choose a  p r i o r i  
between the  th ree  s t ruc tu res .  
A t  t h e  time Linnett  wrote h i s  book, the  NF bond d i s t ance  i n  NO F 
2 
O29 114 was bel ieved t o  be  1.35 A . This influenced Linnett  t o  conclude: 
". . . it can b e  sa id ,  wi th  complete c e r t a i n t y ,  t h a t  the  FN bond i s  not 
abnormally long and so does no t  resemble t h e  NF bond i n  FNO." This 
would suggest the  importance of s t r u c t u r e  X V I I ,  which i s  t h e  major 
s t r u c t u r e  f o r  N02C1. However, r ecen t ly  Legon and l ill en^' (see  ~ n t r o d u c t i o n )  
0 
found t h a t  the  N-F bond i n  N02F i s  1.467 A ,  which may not be q u i t e  a s  
0 
long as  t h e  1.512 A i n  OW, b u t  c e r t a i n l y  i s  long compared t o  the  1.371 
1 i n  NF3. They a l s o  found t h a t  the  nitro-group parameters i n  NO F d i f f e r  2  
considerably from those i n  HN02 and NO C1. These f a c t s  s t rongly  suggest 
2 
t h a t  X V I I  i s  t h e  l e a s t  important of the  th ree  s t r u c t u r e s  f o r  N02F. The 
d i f fe rence  between the  s t r u c t u r e s  of NO F and NO C1 i s  probably a t t r i b u t -  
2  2 
ab le  t o  the  g r e a t e r  e l ec t ronega t iv i ty  of F compared t o  C1. 
Legon and l ill en^' suggested t h a t  the  above f a c t s  concerning t h e  
molecular parameters of NO F could be in te rp re ted  on the  b a s i s  of a  
2 
g r e a t e r  cont r ibut ion  of  an ionic  s t r u c t u r e  o~N+F- .  The most s t a b l e  
double q u a r t e t  representa t ion  of  t h i s  would be 
This p laces  the allowed formal charges of -1 on F,  +1 on N, and zero on 
both 0 atoms. This arrangement, however, s t rongly  favors  a  l i n e a r  ON0 
group. Since the  a c t u a l  ON0 ang le  i s  136O, t h e  ionic  s t r u c t u r e  XX i s  
ra the r  unl ike ly .  
N03F - 
The s t r u c t u r e  of f l u o r i n e  n i t r a t e  i s  known t o  b e  p lanar ,  with 
the  n i t r o  group bonded t o  an OF group through an 0-N bond. Four poss ib le  




XXIII I XXIV 
Table 26. Formal Charges i n  NO F 3 
F 0 ' N 0 0 No. of Close P a i r s  
XXI  0 0 +1 0 -1 9 
XXII 0 0 + 1  1 1 -2 -2 4 
XXIII + 0 +3 1 1 -7 -2 0 
XXIV 0 4 + 1 -2 - 1 2 1 
X X I ,  which i s  a c t u a l l y  t h e  simple valence-bond represen ta t ion , i s  most 
unsa t i s fac to ry  due t o  the high charge cor re la t ion  from nine  c lose  p a i r s  
of e lec t rons .  St ructure  XXIII i s  ra the r  un l ike ly  because of the  4 formal 
charge on the  F atom. The remaining two s t r u c t u r e s  a r e  reasonable, but  
both conta in  s l i g h t  disadvantages. S t ruc tu re  X X I I  has the more favorable 
charge d i s t r i b u t i o n ,  but  contains f o u r  c lose  pa i r s .  S t ruc tu re  XXIV, and 
i t s  mirror  image, has only two c l o s e  p a i r s ,  but  i t  gives a border l ine  
formal charge of -1 t o  one of the  0 atoms. It a l s o  s u f f e r s  s l i g h t l y  
from the  disadvantage of having p o s i t i v e  formal charges on t h e  adjacent  
0 and N atoms. A l l  f ou r  s t r u c t u r e s  predic t  the  NO group t o  be  planar 
3 
and allow f o r  t h e  0-F bond a l s o  t o  l i e  i n  the  same plane. 
The f a c t  t h a t  f luor ine  n i t r a t e  i s  uns table  and even explodes a t  
l i q u i d  a i r  temperature ind ica tes  t h a t  s t r u c t u r e s  normally thought t o  be 
of only minor importance may a c t u a l l y  be  the  most important i n  t h i s  
molecule. From Table 3 the bond lengths i n  NO F a r e  1.42, 1.39, and 
0 
3 
1.29 A f o r  F-Of, 0'-N, and N-0 respect ive ly .  These a r e  compared t o  t h e  
0 0 
s i n g l e  F-0 bond of 1.412 A i n  OF2, t h e  s ing le  0'-N bond of 1.46 A i n  
0 
0 NOrN02, and the  three-e lec t ron N-0 bond of 1.18 A i n  the  n i t r o  group 
2 
of N 0 54. This suggests t h a t  the  F-0' i n  NO F i s  indeed a s ing le  bond, 
2 3 3 
whereas t h e  0'-N bond i s  s l i g h t l y  s t ronger  than the  normal N-0 s ing le  
bond and t h e  N-0 bond ( n i t r o  group) i s  i n  between a normal s ing le  and 
th ree  e l ec t ron  bond. Furthermore, the  slow thermal decomposition of 
NO F (see  ~ n t r o d u c t i o n )  i s  i n i t i a t e d  by cleavage of the  F-0'  bond, 
3 
suggesting t h a t  t h i s  i s  t h e  weakest bond i n  the  molecule. From t h e  above 
d iscuss ion it i s  evident t h a t  the  s t r u c t u r e  of NO F i s  adequately ex- 
3 
plained by a combination of X X I I  and XXIV. 
The a c t u a l  s t r u c t u r e  of ONNF is  unknown, bu t  i t  i s  general ly 
2 
bel ieved t o  cons i s t  of a  n i t r i c  oxide and difluoramine r a d i c a l  joined 
through a N-N bond. Five  poss ib le  double q u a r t e t  s t r u c t u r e s  f o r  t h i s  
arrangement a r e  shown below with the  formal charge d i s t r i b u t i o n s  given 
i n  Table 27. The valence-bond s t r u c t u r e  XXV i s  el iminated because of 




XXVII ' XXVIII 
- 0  
x/N=N \ / 
O I  XXM 
Table 27. Formal Charges in ONNF2 
0 N N F F No.  of Close Pai r s  
XXVIII 1 7 0 4 0 0 2 
XXIX 1 ++ + 1 -9 -F 0 1 
the  high number of close pa i r s  (6) and the  -1 formal charge on the 0 
atom. Structure XXVI, although it has a  favorable formal charge d i s -  
t r i bu t  ion, su f fe r s  from high in ter-e lect ron repulsion due t o  nine c lose  
pa i r s .  The remaining three s t ruc tures  have very few close pa i r s ,  but  
they have the  s l i g h t  disadvantage of requiring some of the  e lect rons  
t o  be d i s t o r t ed  from t h e i r  t e t rahedra l  arrangement i n  t he  quar te t ,  
thus increas ing the absolute energy i n  the molecule. However, XXVIII 
i s  favored over XXVII s ince  the  negative charge res ides  on the 0 atom 
and the  posi t ive  charge on the  N atom in XXVIII, whereas the  opposite 
i s  the  case f o r  XXVII. S t ructure  XXIX suf fe r s  from the added disad- 
vantage of having pos i t ive  formal charges on adjacent N atoms. From 
the  above discussion i t  seems t h a t  the  most probable s t ructure  would be 
X X V I I I  with poss ib ly  some contributions from XXVII  and XXIX. 
I f  t h e  n i t r i c  oxide and difluoramine rad ica l s  were joined by an 
0-N ra ther  than N-N bond, then s t ruc tures  XXV-XXIX (with the 0  and N 
interchanged) would y i e ld  the  follmwing respective formal charge d i s -  
t r ibu t ions  f o r  the N (ni t roso group) and 0  atoms: (-2,+1), (-1,+1), 
(-$,+1), ( -3/2 ,+1),  and (-3/2,+3/2). A l l  of these d i s t r ibu t ions  a r e  
prohibi t ive  ard indicate  t ha t  the  two rad ica l s  a r e  de f in i t e ly  joined by 
a  N-N bond. 
+ 
OW3, OW2 , and ONFB Radical 
The tr if luoramine oxide molecule, ONF3, i s  very nearly t e t r a -  
hedral ,  with N a s  t he  cen t r a l  atom. Four l i ke ly  s t ructures  f o r  t h i s  
configuration a r e  shown below. The simple valence bond s t ruc ture  XXX 
i s  t h e  l e a s t  l i k e l y  s ince  it contains four  close pa i r s  of electrons and 
XXXI 
\ O I 
O N - F -  
X X X I I  X X X I I I  
Table 28. Formal Charges In O W  
3 
0 N F F F No. of Close P a i r s  
X X X  - 1 +1 0 0 0 4 
XX X I  1 +1 0 1 -2 -z 0 2 
X X X I I  0 + 1  -2- -9 1 1 0 1 
XXXIII 0 +1 -7 -3 1 1 0 1 
a  -1 formal charge on the  0 atom. The remaining th ree  s t r u c t u r e s  and 
t h e i r  mirror  images a l l  have permissible charge d i s t r i b u t i o n s  and fewer 
c lose  p a i r s .  S t ruc tu res  X X X I I  and XXXIII a r e  q u i t e  s imi la r ,  bu t  i n t e r -  
e l ec t ron  repuls ion  favors  X X X I I I .  S t ruc tu re  XXXIII has a  s l i g h t  advantage 
over XXXI i n  having one fewer c lose  p a i r  and -2 formal charge s h i f t e d  
from the  0  t o  another  F atom. However, XXXI has s l i g h t l y  l e s s  d i s t o r t i o n  
of t h e  e l ec t rons  from t h e i r  t e t r a h e d r a l  arrangement. Thus, it seems 
l i k e l y  t h a t  the  s t r u c t u r e  of ON!? i s  a  combination of XXXI and X X X I I I .  
3 
B a r t l e t t  e t  a1.65 suggested t h a t  the  bonding i n  ONF could be 3 
formulated in a  conventional way, wi th  the  0  atom joined t o  NF by a  3 
+ - 
semi-ionic bond = N  -0 , which i s  equivalent  t o  XXX. From the  above 
6 6 discussion t h i s  seems ra the r  unl ike ly .  More recen t ly  Fox and coworkers, 
on t h e  b a s i s  of the  observed in f ra red  spectrum of ONF concluded t h a t  
3 ' 
the N-0 bond has nea r ly  75 percent double bond charac ter .  The combina- 
t ion  of the Linnet t  s t r u c t u r e s  XXXI and X X X I I I  i s  compatible with t h i s  
conclusion. Also, it i s  obvious from XXXI and X X X I I I  why ONF never de- 
3 
composes t o  NF and why i t  a c t s  a s  a  f l u o r i n a t i n g  r a t h e r  than oxygenating 
3 
agent ,  i . e .  the  weak l i n k  i n  the  molecule i s  a  one e lec t ron  N-F bond. 
+ 
The most l i k e l y  s t ruc tu re  f o r  the  ONF ion  i s  2  
i n  which t h e r e  a r e  a  r e l a t i v e l y  high number of c lose  p a i r s  (6)  and t h e  
formal charges a r e  zero on the  0 and F atoms and + 1  on the  N atom. The 
arrangement of t h e  e l ec t rons  i n  XXXIV p red ic t s  a  planar configurat ion f o r  
+ + - 
ONF2 . This i s  indeed the  case, s ince  the  ion ic  complexes NF 0  SbF 2  6 
+ - + - + - 
NF20 AsF6 , NF20 BF4 , and NF20 B F  have recen t ly  been prepared 111,112 
2 7 
+ 
i n  which the  ONF ca t ion  i s  p lanar .  
2 
Two poss ib le  s t r u c t u r e s  f o r  t h e  ONF2 f r e e  r a d i c a l  a r e  
i n  which the formal charges on the 0 ,  N and two F atoms a r e  (+, +$, 0. 
0 )  and (0,  4, 0, +), respectively. Both structures have permissible 
charge d i s t r ibu t ions ,  but XXXVI and i t s  mirror image are  favored s l i g h t l y  
over XXXV since i t  has one fewer c lose pa i r  and the formal charge of -$ 
i s  on a F atom rather  than the 0 zton. However, both s t ructures  suffer  
from the disadvantage t h a t  the electrons of one spin favor a planar 
arrangement while those of the opposite spin do not. The above double 
quartet  s t ructures  suggest tha t  the ONF radical  might possess a s tab le  
2 
s t ructure .  Fox e t  a ln60  claimed t o  have produced the re la t ive ly  s table  
Om2 rad ica l  by photolysis of O W  a t  -196'~. 
3 
Four l i ke ly  configurations f o r  the new compound, 02NmF2, claimed 
t o  have been prepared and ident i f ied i n  t h i s  work, a r e  shown below in 
XXXVII-XL. Structure XXXVII i s  highly unlikely since it has s i x  close 
pa i r s  and formal charges of -1 on both 0 atoms and +1 on adjacent N atoms. 
Structure XXVIII i s  equally unlikely due to  the high repulsion forces 
from nine c lose pairs  and the -1 formal charge on one of the 0 atoms. 
Structure XL has the fewest number of c b s e  pa i r s  (3), but  it i s  a l s o  
unsatisfactory due t o  the -1 charge on one 0 atom and the posit ive formal 
charges on adjacent N atoms. The remaining s t ructure ,  XXXIX, has an 
XXXIX XL 
Table 29. Formal Charges In  02NNF 2 
0 0 N N F F No. of Close P a i r s  
XXXVII -1 -1 + 1 + 1 0 0 6 
XXXVIII -1 0 + 1 0 0 0 9 
XXXIX 1 1 -2 -3 +1 0 0 0 4 
XL -1 -9 + 1 4 0 0 3 1 
excel lent  charge d i s t r i b u t i o n  and fo-ur c lose  p a i r s .  The bonding i n  the  
NO and NF2 groups of XXXM is  i d e n t i c a l  t o  tha t  i n  N 0 and N2F4, respec- 2 2 4 
t i v e l y .  (These a r e  no t  shown f o r  sake of b rev i ty . )  Thus, s t r u c t u r e  
m I X  p r e d i c t s  t h a t  02NNFZ should e x i s t ,  and t h a t  t h e  bond lengths  should 
0 
be s imi la r  t o  the N-F bond of 1.37 A i n  NF, and the  N-N and N-0 bonds of 
J 
0 
1.75 and 1.18 A,  respect ive ly ,  i n  N204 
OlW Dimer and F2NONlP2 
2  
Two p o s s i b i l i t i e s  f o r  t he  u n i d e n t i f i e d  red-brown substance ob- 
5erved i n  t he  condensat ion of NO and N F a r e  an ONNF2 dimer and t h e  2 4 
mo1ecul.e F2NONNF2 ( s ee  t e x t ) .  I n  L i n n e t t ' s  d i scuss ion  of t h e  dimeriza- 
114 
t i o n  of nitroso-compounds, he  sugges ts  t h a t  organic  nitroso-compounds 
dimerize r e a d i l y  i n  order  t o  reduce t h e i r  high i n t e r - e l e c t r o n  r epu l s ion .  
L inne t t  proposed f o u r  poss ib l e  s t r u c t u r e s  f o r  (RNo) R be ing  a l k y l  o r  
2 ' 
a r y l .  The two expected t o  g ive  a  major con t r ibu t ion  a r e  
X L I  ' X L I I  
Table 30. Formal Cl~arges i n  (RNO)~ 
R N 0  0 N R N o .  of Close P a i r s  
X L I  0  + 1 -F -1 + 0  3 1 
XLII 0 4 1 1 -F -9 + 0 3 
Formal charge d i s t r i b u t i o n s  f avo r  XLII over XLI (and i t s  mi r ro r  image),  
b u t  XLI has t h e  s l i g h t  advantage t h a t  i n  XLII t h e  e l e c t r o n s  of d i f f e r e n t  
sp ins  favor  d i f f e r e n t  shapes a t  both N atoms, whereas i n  XLI bo th  s e t s  
f avo r  a  p l ana r  arrangement a t  t he  upper N atom h u t  a t  t he  o the r  N atom 
one s e t  f avo r s  a  non-planar arrangement ( x ' s )  while  t h e  o t h e r  s e t  ( 0 ' s )  
f avo r s  a  p lanar  arrangement. However, both s e t s  sufPer  s l i g h t l y  from 
having p o s i t i v e  formal charges on ad jacent  N atoms. Linnet t concluded 
t h a t  t he  a c t u a l  s t r u c t u r e  of ( R N O ) ~  is  due t o  equal con t r ibu t ions  from 
XLI and XLII. 
Since organic  nitroso-compounds have t h e  normal Lewis-s t ruc tures ,  
such a s  
XLIII 
i t  i s  easy t o  understand why dimerizat ion r e a d i l y  occurs .  The (RNO)~ 
would be more s t a b l e  than two RNO's s i n c e  the number of c l o s e  p a i r s  of 
e l e c t r o n s  would be  reduced from twelve i n  the l a t t e r  t o  only th ree  i n  
t h e  former,  and t h e  t o t a l  bond order  would remain cons tan t .  The  n i t r o s y l  
h a l i d e s  (XITO), on t h e  o t h e r  hand, do not  dimerize s i n c e  they  have no 
c l o s e  p a i r s  which would r e s u l t  i n  high i n t e r - e l e c t r o n  repuls ion .  
If ONNF2 had t h e  s t r u c t u r e  ICXVI ,  then t h e  dimer of O W 2  should 
be more s t a b l e  t han  t h e  monomer. However, a s  explained e a r l i e r ,  t h e  
s t r u c t u r e  of ONNF c o n s i s t s  of c o n t r i b u t i o n s  from XXVII, XXVIII, and 2 
XXIX. Therefore,  d imer iza t ion  i s  not favored because t h e r e  i s  no n e t  
decrease  i n  i n t e r - e l e c t r o n  r e p u l s i o n  and no n e t  i nc rease  i n  bond o rde r .  
This  sugges ts  t h a t  t he  ex i s t ence  of ( O N N F ~ ) ~  i s  r a t h e r  doub t fu l ,  s i n c e  
O W 2 ,  i t s e l f ,  i s  s t a b l e  only  a t  cryogenic temperatures.  
Three 2or;:::Ihle I ~ i l h l e  q u a r t e t  s i ; ructures  f o r  t h e  F N O W 2  mole- 2 
cule  a r e  shobln beL~Y,i ir! XLIV-XLVI .  The nos t  1-ikely s t r u c t u r e  i s  XLn  
XLVI 
Table 31. Formal Charges I n  F2NOTJNF 
2 
F F N  0 N N F F No. of Close Pairs 
XLIV o o o $  -7 1 o o o 8 
XLVI 0 0 0 i-$ 0 0 - 0 5 1 
because charge c o r r e l a t i o n  e f f e c t s  favor  XLV and XLVI  over  XLIV, and formal  
charge d i s t r i b u t i o n  favors  XLTJI . The double q u a r t e t  s t r u c  t u r e  XLVI: sug- 
g e s t s  t he  F NONNF may be  somewhat s t a b l e  because the  n e t  change on 
2 2 
going from N2F4 + P'TO t o  F NONNF2 would be a decrease from seven t o  f i v e  2 - 
c l o s e  p a i r s  of e l ec t rons  wi th  no change i n  t h e  bond o rde r .  
F ( o ~ ) ~ N o  and F O ( O ~ ) ~ N O  
This s ec t ion  i s  concerned w i t h  t h e  double q u a r t e t  r ep re sen ta t ion  
of two f a m i l i e s  of compounds, F ( 0  ) NO and F O ( O ~ ) ~ N O ,  p o s t u l a t e d  by  
2 n  
S p r a t l e y  and ~ i m e n t e l ~ ~  ( see  In t roduc t ion ) .  Only t h e  f i r s t  two member a 
( n  = 0 , l )  of each fami ly  a r e  considered due t o  t h e  inc reas ing  complexity 
of t he  l a r g e r  molecules.  
The f i r s t  member (n  = 0 )  of t he  f ami ly  F ( 0  ) NO i s  n i t r o s y l  f l u o r -  
2 n  
i de ,  ONF, which has a l ready  been d iscus ,>ed  i n  an  e a r l i e r  s e c t i o n .  S i x  
noss ib l e  s t r u c t u r e s  f o r  t h e  n = 1 member of F ( 0  ) NO, which i s  a s t r u c -  2 n 
t u r a l  isomer of f l u o r i n e  n i t r a t e ,  a r e  shown in XLVII-LII. S t r u c t u r e s  
X I I X 1  I X O  -F 0 0 - 0  o N O -  
I I i L I I  
X L V I I  , I L  and L a r e  e l imina ted  because of t h e i r  u n s a t i s f a c t o r y  charge 
d i s t r i b u t i o n s  and h igh  charge c o r r e l a t i o n  ( see  Table 32). S t r u c t u r e s  
XLVIII and LI a r e  of minor importance a t  most due t o  t h e  +1 o r  -1 formal  
charges on one o r  more 0  atoms. The remaining s t r u c t u r e ,  L I I ,  no t  on ly  
has zero  c l o s e  pa i r s  b u t  a l s o  has e x c e l l e n t  charge d i s t r i b u t i o n .  However, 
L I I  s u f f e r s  from t h e  s l i g h t  disadvantage t h a t  the  s e t s  of e l e c t r o n s  of 
oppos i t e  s p i n  f a v o r  d i f f e r e n t  arrangements,  i . e .  l i n e a r  and ben t .  How 
Table 32. Formal C h w q e s  In F O  NO 2 
F  0 0 N 0 No. of Close P a i r s  
XLVII  0 0 +1  0 -1 9 
XLVII I  0 4 + l  -7 -1 2 1 
IL 1 4 + 1 1 -- - 1 -7 2 -2 5 
L 1 -2 o 4 o o 6 
L I 1 + 1 0 2 0 0 1 -2 -7 
LI I 1 -F 0 0 0 4 0 
adverse ly  t h i s  would a f f e c t  t h e  c t h b i l L t y  of F O  NO i s  d i f f i c u l t  t o  say ,  2 
b u t  i t  seems t h a t  L I I  would be a t  l e a s t  a s  s t a b l e  a s  t he  two s t r u c t u r e s  
proposed f o r  NO F ,  XXII and XXIV. St ruc tu re  L I I ,  fur thermore,  i s  con- 
3 
s i s t e n t  wi th  Sp ra t l ey  and Pimente l ' s  pos tu l a t ion  t h a t  F 0 2 N 0  would have 
v e r y  weak F-0 and F02-NO bonds and. strong 0-0 and FO N-0 bonds. 2  - 
The f i r s t  member (n = 0) in the F O ( O  ) NO family i s  a s t r u c t u r a l  2  n -  
isomer of n i t r y l  f l u o r i d e ,  F N 0 2 .  'Three poss ib l e  s t r u c t u r e s  f o r  t h e  
FONO molecule a r e  shown i n  LIII-LV. S t ruc ture  LII i s  e l imina ted  due t o  
very high i n t e r - e l e c t r o n  r epu l s ion ,  whereas LIV i s  u n l i k e l y  due t o  t h e  
-I-$ formal charge on t h e  F atom ( s e e  Tsble  33). The remaining s t r u c t u r e ,  
LV, i s  t h e  most l i k e l y  s i n c e  i t  has no c l o s e  p a i r s  and an  e x c e l l e n t  
Table 33. Formal Charges I n  FONO 
- 
F 0 JV 0 No. of Close P a i r s  
LIII 0 0 0  0 9 
charge d i s t r i b u t i o n .  However, it does s u f f e r  s l i g h t l y  from having one 
s e t  of e l e c t r o n s  ( 0 ' s )  f avo r  a  l i n e a r  arrangement whereas t h e  o t h e r  s e t  
( x ' s )  favor  a  b e n t  arrangement. Once aga in ,  t h i s  f a c t  makes t h e  s t a b i l i t y  
of t h e  FONO molecule somewhat doubt fu l .  Sp ra t l ey  and Pimente l ' s  model 
p r e d i c t s  a  f a i r l y  s t rong  F-0 bond and weak FO-NO bond. This would cor -  
respond t o  LIV which was ru l ed  out  due t o  i t s  unfavorable charge d i s t r i -  
bu t ion .  The most probable double q u a r t e t  s t r u c t u r e  (LIV) ,  on the o t h e r  
hand, p r e d i c t s  a  weak F-0 bond and. f a i r l y  s t rong  FO-NO bond. , 
Three of the more probable s t ruc tu res  fo r  t h e  second member ( n  = 1) 
of t h e  FO(0 ) NO fami ly  a r e  shown i n  LVI -LV ' I I I .  Both LVI and L V I I  would 2 n 
be  extremely uns t ab le  due t o  the high charge c o r r e l a t i o n  ( see  Table 34). 
S t r u c t u r e  LTrlII has  no c l o s e  p a i r s ,  b u t  it i s  e l imina ted  due t o  
Table 34- Formal Charges I n  F 0 0 2 N 0  




a  most unfavorable charge d i s t r i b u t i o n  (4 on F and -1 on N; +$ charges 
on t h r e e  ad j acen t  atoms; and -1 and -& charges on two adjacent  atoms).  
Furthermore, i t  i s  impossible t o  cons t ruc t  a  double q u a r t e t  s t r u c t u r e  
f o r  F O O  NO which would correspond t o  t h e  model proposed by  S p r a t l e y  and 
2 
Pimentel ( s ee  Table I V ) .  I n  f a c t ,  t h i s  i s  t r u e  f o r  a l l  t h e  members of t h e  
FO(O ) NO f ami ly ,  because a  s t r o n g  F-0 bond ( t h r e e  o r  more e l e c t r o n s )  
2 n  
would r e q u i r e  a  p r o h i b i t i v e  p o s i t i v e  formal charge on the  f l u o r i n e  atom. 
02NF2 , F2NONFp,  F2N02NF2,  and ONNFNFNO 
This s e c t i o n  i s  concerned wi th  the  doublt  q u a r t e t  r ep re sen ta t ion  
of p o s s i b l e  products  occurr ing  from the  r e a c t i o n  of NF r a d i c a l s  (from 
2 
N F ) wi th  0,  02, o r  0 These compounds inc lude  0 NF F2NONFg, 2 4 3 ' 2 2' 
F2N02NF2,  and t h e  uns t ab le  in te rmedia te  pos tu l a t ed  by Martinez e t  a l . ,  58 
ONNFNFNO ( see  ~ n t r o d i l c t i o n ) .  Some of t h e s e  compounds a r e  q u i t e  complex 
and would r e q u i r e  a l a r g e  number of p o s s i b l e  L inne t t  s t r u c t u r e s .  However, 
on ly  t h e  more r e p r e s e n t a t i v e  s t r u c t u r e s  a r e  shown here .  
Three p o s s i b i l i t i e s  f o r  t he  02W2 molecule a r e  shown below i n  
LIX-LXI. S t r u c t u r e s  IX and IXI a r e  e l imina ted  due t o  t h e  -t1 charge on 
an 0 atom i n  each. This  leaves  LIX, which has fou r  c l o s e  p a i r s  of e l e c t r o n s  
LIX 
Table 35. Formal Charges I n  0 NF 
2 2 
0 0 N F  F No. of Close P a i r s  
LIX 1 -7 4 0 0 0 4 
LX 1 - + 1 0 0 1 - 2 '-2 1 
LXI 1 + 1 0 0 1 -2 -2 1 
and an exce l l en t  charge d i s t r i b u t i o n .  It i s  expected t h a t  LIX would be 
somewhat uns tab le  wi th  respec t  t o  N2F4 + 02, s ince  t h e  ne t  change going 
from two 02NF2 molecules t o  one N F p lus  two 0 molecules would be an 2 4 2 
inc rease  of one i n  t he  bond order  (n ine  t o  t e n )  and a  decrease i n  one i n  
t h e  number of c lose  p a i r s  ( e igh t  t o  seven) .  
Three poss ib l e  s t r u c t u r e s  f o r  t he  F2NONF molecule a r e  shown be-  2 
low i n  1x11-IXIV. The valence bond s t r u c t u r e  LXII i s  h igh ly  u n l i k e l y  
due t o  the  high charge c o r r e l a t i o n  ( t e n  c lose  p a i r s ) .  S t r u c t u r e  L X I V  
LXIII 
Table 36. Formal Charges I n  F2NONF 2 
F F N 0 M F F No. of Close P a i r s  
LXII 0 0 
i s  el iminated due t o  the  + 1  formal charge on the  0 atom. This leaves 
L X I I I ,  which has an excel lent  charge d i s t r i b u t i o n ,  bu t  a  f a i r l y  high 
number of c lose  p a i r s  ( f i v e ) .  Based upon LXIII i t  i s  expected t h a t  
F2NOW2 would b e  s l i g h t l y  uns table  with respect  t o  FNO and NF s ince  the 
3 ' 
net  change from one F NOW molecule t o  one FNO and one NF i s  a decrease 2 '  2 3 
i n  number of c lose  pa i r s  ( f i v e  t o  four) whereas t h e  bond o rde r  remains 
cons tant  a t  s i x .  
Three poss ib l e  s t r u c t u r e s  f o r  t h e  F NO NF molecule a r e  shown 
2 2 2  
below i n  IXV-LXVII. The two s t r u c t u r e s  LXV and LXVI a r e  u n l i k e l y  due 
Table 37. Formal Charges I n  F2N02NF2 
F F N O O N F F  No. of Close P a i r s  
Lxv " C " 0 0 0 0 0  ' 3 
LXVI 1 I -2 i - $ o o o o  8 
L X V I I  u -+ I + + + +  n A 1 . -3 
t o  the high number of c lo se  p a i r s  ( s e e  Table 37). S t r u c t u r e  LXVII has  
only  two c lose  p a i r s ,  but  it su f f e r s  somewhat from having a  +$ formal  
charge on ad jacent  0 atoms. By comparing LXVII wi th  XXXVI, it seems t h a t  
F NO NF would decompose t o  two ONF2 r a d i c a l s  because t h e  ne t  change i n  
2 2 2 
bond o rde r  and number of c l o s e  p a i r s  would b e  zero whi le  t h e  breaking of 
t h e  0-0 bond would e l imina te  t h e  disadvantage of  h:.t~ling p o s i t i v e  charges 
on ad jacent  0 atoms. 
Two p o s s i b l e  s t ~ u c t u r e s  f o r  t h e  ONNFNFNO molecule a r e  shown below 
i n  LXVII I  and LXIX. S t ruc tu re  LXVIII i s  e l iminatc . i~ due t o  a p r o h i b i t i v e  
LXVIII I L X I X  I 
Table 38. Formal Charges I n  O7UTFNFNO 
O N N F N F N O  )To. of Close P a i r s  
LXVIII 0  0 0 0 0 0 0 0 17 
LXIX 1 1 0 0 +& - +z -2 L o o  0 
number of c lo se  p a i r s  ( seventeen) .  :jtrrlcture LXIX has no c l o s e  p a i r s  and 
only  t h e  s l i g h t  disadvantage of having +$ formal charges on two adjacent  
N atoms. Furthermore, LXIX conta ins  ve ry  weak one-e lec t ron  N-F bonds 
and s i n g l e  ON-N bonds. Thus, it would appear t o  support t h e  p o s t u l a t i o n  
of Martinez and t h a t  t h e  in te rmedia te  which decomposes t o  
F, N2, and NO i n  t h e  r a t i o  of 2:l:Z migh-t be ONNFNFNO. However, t h e  
double q u a r t e t  approach p r e d i c t s  t h a t  t h i s  in te rmedia te  might be s t a b l e  
wi th  r e spec t  t o  F + N + 2 NO s ince  decomposition of ONNFNFNO would 
2 2 
r e s u l t  i n  an inc rease  i n  t h e  number of c lo se  p a i r s  from zero t o  one 
whereas t h e  bond o rde r  remains cons tan t  a t  n ine .  
F2:$OF, FN(OF)* and N(OF)? 
S u b s t i t u t i o n  of an OF radical f o r  one or  more f l u o r i n e  atoms i n  
n i t rogen  t r i f  l u o r i d e  would r e s u l t  i.n t he  preser l t ly  unknown compounds 
F2NOF, F N ( O F ) ~ ,  and N(OF) Three poss ib l e  s t ruc . tures  f o r  t h e  F NOF 
3 ' 2 
molecule,  which i s  a  s t r u c t u r a l  isomer of t r i f luorarn ine  oxide,  ONF3, a r e  
shown below i n  IXX-LXXII. S t r u c t u r e  LXX i s  un l ike ly  due t o  t he  seven 
-F-N- O-F- X I I . I  I -F o N-O-F- 
I IrnT I 
Table 39. Formal Charges I n  F NOF 2 
F F N 0 F No. of Close P a i r s  
LXX 0 0 0 0 0 7 
LXXI 1 -F 0 4 2 
LXXII  0 4 0 2 
c l o s e  p a i r s  of e l e c t r o n s .  S t r u c t u r e s  LXXI and LXXII both have f avo rab le  
charge d i s t r i b u t i o n s  and only two close p a i r s ,  but IXXII has t h e  s l i g h t  
disadvantage of  having t h e  4 formal charge on t h e  N r a t h e r  than  t h e  0 
a  tom. S t r u c t u r e  LXXI p r e d i c t s  t h a t  the  F NOF rnolecule should b e  s l i g h t l y  2 
uns tab le  wi th  r e spec t  t o  F and ONF s i n c e  decomposition of F NOF would 2 2 
r e s u l t  i n  a decrease i n  t he  number of c l o s e  p a i r s  from two t o  one whereas 
t h e  bond o rde r  would remain cons tan t  a t  f o u r ,  
Four poss ib l e  s t r u c t u r e s  f o r  FN(OF)~ a r e  shown below i n  L X X I I I -  
IXXVI. A l l  f o u r  s t r u c t u r e s  have permiss ib le  formal charge d i s t r i b u t i o n s .  
Table 40. Formfil Charges I n  FN(OF) 
2 
F 0 N F 0 F No. of Close P a i r s  
IXXIII 0 0 0 0 0 0 10 
LXXIV 0 i-$ 0 -- 1 2 0 0 5 
However, i n t e r - e l e c t r o n  r epu l s ion  s t r o n g l y  favors  IXXVI over t he  o t h e r  
t h ree  ( s e e  Table 40). It i s  d i f f i c u l t  to say whether iXXVI would a c t u a l l y  
oe s t a b l e  s i n c e  the  two one-electron 0-F bonds suggest  t h a t  FN(OF) might 
2 
r e a d i l y  d i s s o c i a t e  t o  form FN02 and F2 wi th  no ne t  change i n  t he  bond 
o rde r  o r  number of c io se  p a i r s .  
Three poss ib l e  s t r u c t u r e s  fo r  N ( O F )  a r e  shown below i n  IXXVII- 
3 
LXXIX. Once aga in ,  a l l  t h ree  s t r u c t u r e s  have permiss ib le  charge d i s -  
t r i b u t i o n s ,  b u t  charge c o r r e l a t i o n  e f f e c t s  f avo r  XXIX. Thus- N(OF) 
3 
X 1 1 . 1  I I 
-F 0 O-N-O-F- 
Ifable 41. Formal Charges In N(OF) 
3 
F O N O F O F  No. of Close P a i r s  
LXXVII 0 0 0 0 0 0 0  13 
LXXVIII -3 o + $  o o ( 8 
LXXIX - 0 + 4 
a l s o  has two weak one-e lec t ron  0-F bonds, which i n d i c a t e s  t h a t  i t  may 
decompose t o  NO F  and F2 even though the  bond order  and number of c l o s e  
3 
p a i r s  would remain cons tan t .  
From t h e  above double q u a r t e t  d i scuss ion ,  i t  appears t h a t  t he  
t h r e e  molecules F2NOF, F N ( O F ) ~ ,  and N(OF) would be of marginal s t a b i l i t y .  3 
A l l  t h r ee  would be  suscep t ib l e  t o  decomposition by l o s i n g  two F  atoms 
each t o  form OW, N02F, and NO F ,  r e spec t ive ly .  3 
F2N02F, F N ( O ~ F ) ~ ,  and #(o F )  
2 3 
S u b s t i t u t i o n  of an$F r a d i c a l  f o r  one or  more F atoms i n  NF 
3 
would r e s u l t  i n  t h e  molecules F2NOgF, FN(0 F) a n d  N ( o ~ F ) ~ .  The e l e c -  2  2' 
t r o n i c  s t r u c t u r e  of a  s u b s t i t u t e d  0  F  group was discussed by t h i s  2 
au thor  with respec t  t o  the F02N0 molecule (XLVII-LII) and a l s o  by Lin- 
nett114 i n  regard  t o  0 F From these  d iscuss ions  i t  appears t h a t  t he  
2 2 '  
on ly  reasonable s t r u c t u r e s  f o r  t h e  family of compounds F  N ( o ~ F ) ~ ,  3 -n 
where n  = 1,2 ,3 ,  would have a  zero formal  charge on the  N atom and a  
ne t  formal charge of zero on t h e  three s u b s t i t u t e d  groups. ( T h i s  con- 
c l u s i o n  is no t  ev ident  from t h i s  d i scuss ion  alone,  but  i t  can be a r r i v e d  
a t  by  considering the numerous combinations of poss ib l e  e l e c t r o n i c  s t r u c -  
t u r e s  f o r  the  02F grouping in F N ( o ~ F ) ~ .  ) The most probable s t r u c t u r e  3-n 
f o r  t h i s  fami ly  of compounds i s  shown below i n  LXMI, which i s  analogous 
t o  s t r u c t u r e  XLIX f o r  F02N0. For  n = 0 IXXX reduces t o  t he  c o r r e c t  
s t r u c t u r e  f o r  NF The number of c l o s e  p a i n  i n  t h i s  fami ly  of com- 
3 ' 
pounds w i l l  always b e  f o u r ,  and t h e  formal  charges (from l e f t  t o  r i g h t  
~ ~ I X X X )  o n F , N ,  0 ,  O , a n d F w i l l b e O ,  0 ,  4, 0, and-$ .  D u e t o t h e  
high number of c l o s e  p a i r s  of e l e c t r o n s ,  i t  i s  probable t h a t  t h i s  e n t i r e  
f ami ly  of compounds would be  uns t ab le  s i n c e  decomposition could b e  
e a s i l y  i n i t i a t e d  by cleavage of t h e  weak one-e lec t ron  O-F bond. 
NF and F NNF 
5 3 3 
This s ec t ion  i s  concerned wi th  t h e  d i scuss ion  of t h e  compounds 
NF and F NNF' which have been suggested by Mi l l e r  e t  al. '' ((see I n t r o -  
5 3 3 
duc t i o n ) .  
The w e l l  known compound PF ( P  being i n  the  same group of t h e  
5 
Yeriodic Table a s  R) has a  s t r i l c tu re  i n  which t h e  c e n t r a l  P atom i s  su r -  
rounded by a t r i g o n a l  bipy-ramid of f i v e  F atoms. This  expansion of t h e  
double q u a r t e t ,  i n  t h i s  case  t o  a  double s e x t e t  i n  N, i s  p o s s i b l e  i n  
elements of t h e  t h i r d  pe r iod  and h igher  due t o  t h e  a v a i l a b i l i t y  of  d 
3 o r b i t a l s  t o  al low f o r  sp d  o r  sp3d2 hybr id i za t ion .  However, t h i s  i s  not 
p o s s i b l e  f o r  n i t rogen  s i n c e  i t  has no 2d o r b i t a l s .  
It i s  impossible  t o  cons t ruc t  any p l a u s i b l e  s t r u c t u r e s  f o r  NF o r  
5 
F NlW us ing  t h e  L inne t t  model i n  which t h e  bonding i s  considered t o  be  
3 3 
+ 
covalen t .  However, an  i o n i c  s t r u c t u r e  (NF ) F- can be p o s t u l a t e d  f o r  4 
NF i n  which t h e  c a t i o n  c o n s i s t s  of f o u r  F  atoms ( ze ro  formal charge on 5 
each) a t  t h e  f o u r  co rne r s  of a  t e t r ahed ron  i n  which i s  enclosed a  n i t rogen  
atom having a +1 formal charge. 
Summary and Conclusions 
The preceding discussion has shown t h a t  L i n n e t t ' s  Double Quartet 
Model can adequately describe the  e l ec t ron ic  s t ruc tu res  of the  known 
compounds ONF, N02F, NO F, ONNF2, and ONFJ, the  OW2 r a d i c a l ,  and t h e  
3 
+ 
ONF- and ONF2 ions .  This model a l so  p r e d i c t s  a s t a b l e  s t r u c t u r e  f o r  
02NNF2, a new compound claimed t o  have been i s o l a t e d  and i d e n t i f i e d  i n  
t h i s  work. The Double Quartet Model was a l s o  used t o  propose t h e  most 
l i k e l y  s t r u c t u r e s  of a wide v a r i e t y  of pos tu la ted  N-0-F species and t o  
draw approximate conclusions regarding t h e i r  l i k e l y  exis tence  ( see  
Table 42 ) .  The compounds F2NONIW2 (proposed t o  be t h e  un iden t i f i ed  
red-brown substance described i n  t h e  t e x t ) ,  FO NO and FONO (proposed by 
2 
Sprat ley  and PimentelT4), ONNFNFNO (an intermediate pos tu la ted  by 
Martinez e t  a1. 58), and F N(OF), ( n  = 1,2 ,3)  were shown t o  have marginal 
3-n. 
s t a b i l i t i e s ,  which suggests t h e  poss ib le  i s o l a t i o n  of these  species i n  
t h e  fu tu re .  
It should be emphasized t h a t  the  Double Quartet Model i s  h ighly  
empirical i n  nature.  However, the  p r inc ip les  behind this model, i . e .  
t he  fundamental p roper t i e s  of e lec t rons ,  a r e  easy t o  understand and apply. 
Some of t h e  l a r g e r  molecules presented here in  have been t r e a t e d  r a t h e r  
s u p e r f i c i a l l y  s ince  a complete descr ip t ion  would requi re  an inord ina te  
number of s t ruc tu res .  
Cer ta in ly  t h e  Double Quartet  Model works well  i n  describing t h e  
e x i s t i n g  N-0-F species.  Only time w i l l  t e l l  how accura te  a r e  the  pre-  
d ic t ions  of t h e  s t a b i l i t i e s  of t h e  pos tu la ted  N-0-F compounds. It i s  
qu i t e  obvious, however, t h a t  t h i s  method i s  f a r  superior  t o  t h e  t r a d i -  
t i o n a l  valence bond method using Lewis s t ruc tu res .  
Table 42.  Summary of P red i c t ed  Exis tences  of  P o s t u l a t e d  N - 0 - F  
Spec ies  Based Upon L i n n e t t ' s  Double Quartet  Model 
Molecule Most L ike ly  P red i c t ed  
~ t r u c t u r e ( s )  Exis tence 
XLI & XLII u n l i k e l y  
F2NONNF2 
F 0 2 N 0  
FONO 
XLVI 







u n l i k e l y  
u n l i k e l y  
u n l i k e l y  
u n l i k e l y  




no cova len t  s t r u c t u r e  p l a u s i b l e  
no cova len t  s t r u c t u r e  p l a u s i b l e  
mar gina 1 
marginal  
marginal  
u n l i k e l y  
u n l i k e l y  
u n l i k e l y  
APPENDIX C 
SELECTED I O N I Z A T I O N  EFFICIENCY DATA AND APPEARANCE 
POTENTIAL DETERMINATIONS BY FVD 
I n  t h i s  appendix a re  presented t h e  ion iza t ion  e f f i c i ency  curves 
f o r  seve ra l  se lec ted  ions  of N-0-F compounds and t h e i r  appearance poten- 
t i a l  determinations by t h e  ext rapola ted  vol tage  diff't-:rence ( m ~ )  method. 
The appearance p o t e n t i a l s  a r e  given t h e  q u a l i t a t i v e  r a t i n g s  of excel lent ,  
good, f a i r ,  o r  poor depending upon t h e  nature of t h e  IE curve and q u a l i t y  
of  t h e  EVD f i t .  In  a l l  cases A r  was used a s  t h e  c a l i b r a t i n g  gas.  
+ + 
Figures 7 and 8 show t h e  IE curves f o r  NO F from NO F and NO2 
2 2 
from 0 NNF2, respect ive ly .  Figure 9 shows t h e  determination of A(NO~F+)  
2 
+ 
and A ( N O ~  ) from t h e  I E  curves i n  Figures 7 and 8, respect ive ly ,  using 
t h e  EVD method. Both of t h e s e  AP's a r e  r a t e d  excel lent  s ince t h e i r  I E  
curves had very  l i t t l e  noise and t h e i r  EVD data f e l l  i n  a s t r a i g h t  l i n e .  
+ 
Figures 10 and 11 show t h e  I E  curves f o r  ONF2 from ONF and NO* 
3 
from ONNF2, respect ive ly .  Figure 12 shows the  r e s u l t i n g  EVD determina- 
t i o n  of t h e  appearance p o t e n t i a l s  of t h e s e  two ions.  The data  on A(ONF~+) 
i s  r a t e d  a s  exce l l en t .  However, A(NO+) i s  r a t e d  only a s  good s ince  t h e  
EVD data dr i f t  away from a s t r a i g h t  l i n e  a s  t h e  i n t e n s i t y  approaches zero. 
Figure 13 shows t h e  IE curve f o r  NF+ from ONNF2. This i s  a t y p i -  
,dl example of a high i n t e n s i t y  i o n  peak i n  which more than one ion-source 
process i s  occurring.  Figure 14  shows t h e  ?3VD data f o r  t h e  AP deter -  
+ mination of t h e  higher energy process f o r  NF , i . e .  A ~ ( N F + ) .  Even though 
+ 
t he  I E  curve f o r  NF had very  l i t t l e  noise  and t h e  r e s u l t i n g  EVD curve 
+ 
for the higher energy process gave a straight line, the data on A 2 ( ~  ) 
is rated only as good due to the method of subtracting the contribution 
+ 
of the lower energy process in the IE curve of NF . 
-t 
Figure 15 shows the IE data for 0 from NO F. This curve has a 
2 
relatively high noiselsignal ratio, which is typical of a low intensity 
ion (<lo%) which has more than one ion-source process occurring. Figure 
+ 16 shows the EVD determinations of A (0 ) and A (0') from the IE data 
1 2 
+ 
of Figure 15. A1(0 ) is rated as poor due to the high noise/signal ratio 
in the IE curve and the poor EVD fit. ~~(0') is rated as fair since the 
EVD data fall approximately along a straight line even though the IE 
curve has a high noise/signal ratio. 
s 
H 3 40 
a?. 
ELECTRON ENERGY (eV) 
Figure 7. Ionization Efficiency Dafa 
+ 
For N02F From N02F With Argon As Standard 
E CT ON WERGgf&eV) 
Figure 8. Yonfzatlon lciency Data 
For ~ 0 ~ '  From 02NNF With Argon As Standard 
2 
(from F i g .  7)  
f 
A(N02F ) = 15.76 - 2.63 
= 13.13 e V  
F igure  9. Appearance  P o t e n t i a l  D e t e r m i n a t i o n  
+ 
O f  N02F From NO F And NO + From OZNNF By EVD 
2 2 2 
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(from Fig .  8) 
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ELECTRON ENERGY (eV) 
Figure 10. I o n i z a t i o n  Eff ic iency  Data 
+ 
For ONF2 From ONF With Argon A s  Standard 3 
ELECTRON ENERGY (eV) 
F i g u r e  11. Ioniza t ion  Eff ic iency  Data 
+ 
For NO From ONNF2 With Argon A s  Standard 
VOLTAGE DIFFERENCE (eV) 
Figure 1 2 .  Appearance Potential Determination Of 
+ 
ONF: From ONF And NO From ONNF2 By EVD 3 

VOLTAGE DIFFERENCE (eV) 
Figure 14. Appearance Potential Determination 
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I n  the  appendix a r e  presented r e l a t i v e  vapor pressure  da ta  and 
mass spectra of compounds observed i n  t h e  N-O-F experiments. Table 43 
l i s t s  the  temperatures corresponding t o  vapor pressures  of one t o r r  f o r  
most of  t h e  compounds observed i n  t h e  N-O-F experin x t s .  The cornpounds 
i n  t h e  t a b l e  a r e  arranged i n  order  of decreasing v o l a t i l i t y .  Tables 
44-47 show the  p o s i t i v e  ion  mass spect ra  of NO, NO N20, N F 2 ' 2 2' NF3' 
N2F4, OF2, 02F2, SiF4, I\JH SF6, and CF C1. These spect ra  were observed 3 ' 3 
i n  t h i s  t h e s i s  research except f o r  N20 ( ~ o l b u r n  e t  al.130), N2F2 ( s e -  - 
131 l e c t e d  Mass Spect ra l  Data ) , and SiF4   alone^^). 
Table 43. Temperature Corresponding t o  Vapor Pressures  of One Torr 
For Compounds Observed i n  N-0-F Experiments 
Compound Temp. a t  Vap. P re s s .  




















Thi 4 work 
135 
Table 43. Temperature Corresponding to Vapor Pressures of One Torr For 
Compounds Observed in N-0-F Experiments (continued) 
-- - 
Compound Temp. at Vap. Press. Reference 
of 1 Torr (OG) 
02NNF2 - 118 This work 
a 
Solid composition assumed to be NO ; resulting vapor composition is 
1.525 
Table 44. Pos i t ive  Ion  Mass Spectra  of NO, NO N 0, and N F 
2, 2 2 2 




Rel. In t en .  
12. g 
Ion - Rel. In t en .  




Data by Colburn e t  a l .  130 
C 
From Se lec t ed  Mass S p e c t r a l  Data 
131 
( i )  i s o t o p i c  spec i e s  
P o s i t i v e  Ion  Mass Spectra  of NF 3 3 N2F43 OF2 3 and O2F2 
NF a  
3 - 
m /e Ion  Rel .  In t en .  
a 
N2F 4 
m /e 1 0 7  R e l .  I n t e n .  
a 
OF, 
I on - R e l - .  I n t e n .  Ion R e l .  I n t en .  
a  This work 
b ~ a t a  taken a t  -140~~ 
Table 46. P o s i t i v e  Ion Mass S p e c t r a  of S-S'4 and NJ3 
3 
- 
rn e Ion Rel. In t en .  XI e I on R e l .  I n t en .  
a 
Data by Malone 79 
b 
This work 
(i) isotopic s p e c i e s  
Table 47. P o s i t i v e  Ion Mass Spectra  of  SF 2nd CF C 1  
6 3 
- 
m e Ion  R e l .  I n t e n .  m/ t3 Ion Rel. In t en .  
19 F+ 2 .8  12 c+ 2.2 
+ + 
32 s 2 . 6  1-9 F 2.2 
t 
5 3 SF (i) 0.5 3 7 elf ( i)  5.0 
+ 
127 SF 5 
100.0 
129 sF5+ (i) 5.0 
++ 
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This Work 
(i) i s o t o p i c  spec ies  
The following symbols and abbreviations a re  so defined unl.ess 
spec i f i ed  otherwise i n  t h e  t e x t .  
H = angstrom 
ac = a l t e r n a t i n g  current  
adiab. = adiabat ic  
AF' = appearance p o t e n t i a l  
atm = atmosphere 
A(?) = appearance p o t e n t i a l  of 9, eV 
A~(X+) = appearance p o t e n t i a l  of X' corresponding t o  t h e  i t h  lowest + threshold energy process i n  t h e  ionizat ion ef f ic iency curve of X , 
eV 
c = constant i n  equation 
ca lc .  = calcula ted  
c c = cubic centimeter 
cm = centimeter 
contd. = continued 
D = bond d i s soc ia t ion  energy, kcal .  /mole o r  eV 
dc = d i r e c t  current  
D(X-Y) = bond dissocia t ion energy of X-Y, kcal./mole o r  eV 
e  = elec t ron 
E = i n t e r n a l  energy, kcal .  /mole 
E* = t o t a l  excess energy, kcal./mole 
EA = elec t ron a f f i n i t y ,  eV 
ePr = elec t ron paramagnetic resonance analys is  
Eq: = equation 
- 
"t = excess t r a n s l a t i o n a l  energy of fragments from c o l l i s i o n  with 
electron,  kcal .  /mole 
eV = elec t ron v o l t ,  1 eV = 23.06 kcal./mole 
EVD = extrapolated voltage d i f ference  method 
exptl .  = experiment a1  
h = Planck' s constant,  6.624 x erg seconds 
AHf = heat  of formation, kcal./mols 
0  AH^ *(x) = standard heat of formation of X a t  temperature T, r eac tan t s  
and products i n  i d e a l  gas s t a t e ,  kcal./mole 
A Hr = heat  of react ion,  kcal .  /mole 
I. D. = i n s i d e  diameter, inches 
I E  = ioniza t ion e f f i c iency  
i n .  = inch 
IF = ioniza t ion p o t e n t i a l  
i r  = i n f r a r e d  analys is  
I = s p e c i f i c  impulse, pounds-force per  pound mass per  second o r  
SP seconds 
I(X) = ioniza t ion p o t e n t i a l  of X, eV 
kca l .  = kil-ocalorie 
L I  = l i n e a r  in te rcep t  method 
M = molecular weight 
m- = milliampere 
I d e  = mass-to-charge r a t i o  
min. = minute 
m l  = m i l l i l i t e r  
mm = mill imeter  
N = number of c l a s s i c a l  o s c i l l a t o r s  i n  a molecule 
nmr = nuclear magnetic resonance analys is  
0. D. = outs ide  diameter, inches 
p s i  a = pounds per  square inch absolute 
~ s i g  = pounds per  square i nch  gage 
PV = pressure  times volume 
r e f .  = reference 
Rel. Abund. = r e l a t i v e  abundance, % 
RPD = r e t a rd ing  p o t e n t i a l  d i f ference  method 
S.C.F.M. = standard cubic f e e t  per  minute 
T 
0 
= temperature, C o r  OK 
0 t emp . = temperature, C o r  OK 
TOF = t ime-of-f l ight  
vac . = vacuum 
vap. press .  = vapor pressure  
v e r t  . = v e r t i c a l  
CY = a r b i t r a r y  parameter 
A = t h e  temperature a t  which the  vapor pressure  i s  known t o  be  
one t o r r  minus t h e  median of t h e  temperature range of t h e  
observed vapor pressure  of  0.1-0.2 t o r r ,  OC 
* 
IT = antibonding IT o r b i t a l  
CL = micron of Hg pressure  
v = frequency 
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